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ADVERTISEMENT. 


The  Committee  appointed  by  the  Royal  Society  to  dii’ect  the  publication  of  the 
Philosophical  Transactions  take  this  opportunity  to  acquaint  the  pubhc  that  it  fully 
appears,  as  well  from  the  Council-books  and  Journals  of  the  Society  as  from  repeated 
declarations  which  have  been  made  in  several  former  Transactions,  that  the  prmting  of 
them  was  always,  from  time  to  time,  the  single  act  of  the  respective  Secretaries  till 
the  Forty- seventh  Volume  ;  the  Society,  as  a  Body,  never  interesting  themselves  any 
further  m  their  publication  than  by  occasionally  recommending  the  revival  of  them  to 
some  of  their  Secretaries,  when,  from  the  particular  circumstances  of  their  affairs,  the 
Transactions  had  happened  for  any  length  of  time  to  be  intermitted.  And  this  seems 
principally  to  have  been  done  with  a  view  to  satisfy  the  public  that  then  usual 
meetings  were  then  continued,  for  the  improvement  of  knowledge  and  benefit  of 
mankind  ;  the  great  ends  of  their  first  institution  by  the  Boyal  Charters,  and  which 
they  have  ever  since  steadily  pursued. 

But  the  Society  bemg  of  late  years  greatly  enlarged,  and  their  communications  more 
numerous,  it  was  thought  advisable  that  a  Committee  of  then  members  should  be 
appointed  to  reconsider  the  papers  read  before  them,  and  select  out  of  them  such  as 
they  should  judge  most  proper  for  publication  in  the  future  Transactions ;  which  was 
accordmgly  done  upon  the  26th  of  March,  1752.  And  the  grounds  of  then  choice  are, 
and  wall  contmue  to  be,  the.  importance  and  singularity  of  the  subjects,  or  the 
advantageous  manner  of  treating  them  ;  without  pretending  to  answer  for  the 
certainty  of  the  facts,  or  propriety  of  the  reasonings  contamed  in  the  several  papers 
so  pubhshed,  which  must  still  rest  on  the  credit  or  judgment  of  their  respective 
authors. 

It  is  likewise  necessary  on  this  occasion  to  remark,  that  it  is  an  established  rule  of 
the  Society,  to  which  they  will  always  adhere,  never  to  give  then  opinion,  as  a  Body, 

a  2 


1.  ] 


upon  any  subject,  either  of  Nature  or  Art,  that  comes  before  them.  And  therefore  the 
thanks,  which  are  frequently  proposed  from  the  Chair,  to  he  given  to  the  authors  of 
such  papers  as  are  read  at  their  accustomed  meetings,  or  to  the  persons  through  whose 
hands  they  received  them,  are  to  be  considered  in  no  other  light  than  as  a  matter  of 
civility,  in  return  for  the  respect  shown  to  the  Society  by  those  communications.  The 
Jike  also  is  to  be  said  with  regard  to  the  several  projects,  inventions,  and  curiosities  of 
various  kinds,  which  are  often  exhibited  to  the  Society ;  the  authors  whereof,  or  those 
who  exhibit  them,  frequently  take  the  liberty  to  report,  and  even  to  certify  in  the 
public  newspapers,  that  they  have  met  with  the  highest  applause  and  approbation. 
And  therefore  it  is  hoped  that  no  regard  will  hereafter  be  paid  to  such  reports  and 
public  notices ;  which  in  some  instances  have  been  too  lightly  credited,  to  the 
dishonour  of  the  Society. 


List  of  Institutions  entitled  to  receive  the  Philosophical  Transactions  or 

Proceedings  of  the  Pi,oyal  Society. 


Institutions  marked  a  are  entitled  to  receive  Pliilosophical  Transactions,  Series  A,  and  Proceedings. 

„  „  B  „  „  „  „  Series  B,  and  Proceedings. 

,,  „  AB  ,,  „  „  ,,  Series  A  and  B,  and  Proceedings. 

,,  „  p  ,,  „  Proceedings  only. 


America  (Central). 

Mexico. 

p.  Sociedad  Cientifica  “  Antonio  Alzate.” 
America  (North).  (See  United  States.) 
America  (South). 

Buenos  Ayres. 

AB.  Museo  Nacional. 

Caracas. 

B.  University  Library. 

-Cordova. 

AB.  Academia  Nacional  de  Ciencias. 

Rio  de  Janeiro. 

_p.  Observatorio. 

Australia. 

Adelaide. 

'p.  Royal  Society  of  South  Australia. 
Brisbane. 

p.  Royal  Society  of  Queensland. 

Melbourne. 

p.  Observatory. 

p.  Royal  Society  of  Victoria. 

AB.  University  Library. 

Sydney. 

p.  Linnean  Society  of  New  South  Wales. 

AB.  Royal  Society  of  New  South  Wales. 

AB.  University  Library. 

Austria. 

Agram. 

p.  Societas  Historico-Naturalis  Croatica. 
Briinn. 

AB.  Naturforschender  Verein. 

Gratz. 

AB.  Naturwissenschaftlicher  Verein  fiir  Steier- 
mark. 

Hermannstadt. 

p.  Siebenbiirgischer  Verein  fiir  die  Natur- 
wissenschaften. 


Austria  (continued). 

Innsbruck. 

AB.  Das  Ferdinandeum. 

p.  Naturwissenschaftlich  -  Medicinischer 
Verein. 

Klausenburg. 

AB.  Az  Erdelyi  Muzeum.  Das  siebenbiirgische 
Museum. 

Prague. 

AB.  Konigliche  Bohmische  Gesellschaft  der 
Wissenschaf  ten . 

Schemnitz. 

p.  K.  Ungarische  Berg-  und  Forst-Akademie. 
Trieste. 

B.  Museo  di  Storia  Naturale. 
p.  Societa  Adriatica  di  Scienze  Naturali. 
Vienna. 

p.  Anthropologische  Gesellschaft. 

AB.  Kaiserliche  Akademie  der  Wissenschaf  ten. 
p.  K.K.  Geographische  Gesellschaft. 

AB.  K.K.  Geologische  Reichsanstalt. 

B.  K.K.  Zoologisch-Botanische  Gesellschaft. 

B,  Naturhistorisches  Hof- Museum. 
p.  OEsterreichische  Gesellschaft  fiir  Meteoro- 
logie. 

Belgium. 

Brussels. 

B.  Academie  Royale  de  Medecine. 

AB.  Academie  Royale  des  Sciences. 

B.  Musee  Royal  d’Histoire  Naturelle  de 
Belgique. 

p.  Observatoire  Royale. 

y.  Societe  Malacologique  de  Belgique. 

Ghent. 

AB.  University. 

Liege, 

AB.  Societe  des  Sciences. 
p.  Societe  Geologique  de  Belgique. 
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Belgium  (continued).  ' 

Louvain. 

AE.  L’Universite. 

Canada. 

Hamilton. 

p.  Scientific  Association. 

Montreal. 

AB.  McGill  College. 
p.  Hatural  History  Society. 

Ottawa. 

AB.  Gleological  Survey  of  Canada. 

AB.  Royal  Society  of  Canada. 

Toronto. 

p.  Canadian  Institute. 

AB.  University. 

Cape  of  Good  Hope. 

A.  Observatory. 

AB.  South  African  Library.  | 

Ceylon. 

Colombo. 

B.  Museum.  I 

China. 

Shanghai. 

p.  China  Branch  of  the  Roj'al  Asiatic  Society.  j 

Denmark.  j 

Copenhagen. 

AB.  Kongelige  Dauske  Videnskabernes  Selskab. 

England  and  Wales. 

Birmingham. 

AB.  Free  Central  Library. 

AB.  Mason  College. 
p.  Philosophical  Society. 

Bristol. 

p.  Merchant  Venturers’  School. 

Cambridge. 

AB.  Philosophical  Society. 
p.  Union  Society. 

Cooper’s  Hill. 

AB.  Royal  Indian  Engineering  Colleg’e. 

Dudley. 

p,  Dudley  and  Midland  Geological  and 
Scientific  Society. 

Essex. 

p.  Essex  Field  Club. 

Greenwich. 

A.  Royal  Observatory. 

Kew. 

B.  Royal  Gardens. 

Leeds. 

p.  Philosophical  Society. 

AB.  Yorkshire  College. 

Liverpool. 

AB.  Free  Public  Library. 

p.  Historic  Society  of  Lancashire  and  Cheshire. 


England  and  Wales  (continued). 

Liverpool  (continued) . 
p,  Literary  and  Philosophical  Society. 

A.  Observatory. 

AB.  University  College. 

London. 

AB.  Admiralty. 

p.  Anthropological  Institute. 

B.  British  Museum  (Hat.  Hist.). 

A.  Chemical  Society. 

p.  “  Electrician,”  Editor  of  the. 

B.  Entomological  Society. 

AB.  Geological  Society. 

AB.  Geological  Survey  of  Great  Britain. 
p.  Geologists’  Association. 

AB.  Guildhall  Library. 

A.  Institution  of  Civil  Engineers. 

A.  Institution  of  Mechanical  Engineers. 

A.  Institution  of  Haval  Architects. 
p.  Iron  and  Steel  Institute. 

B.  Linnean  Society. 

AB.  Loudon  Institution. 
p.  London  Library. 

A.  Mathematical  Society. 
p.  Meteorological  Office. 
p.  Odontological  Society. 
p.  Pharmaceutical  Society. 

2J.  Physical  Society. 
p.  Quekett  Microscopical  Club. 
p.  Royal  Asiatic  Society. 

A.  Royal  Asti’onomical  Society. 

B.  Royal  College  of  Physicians. 

B.  Royal  College  of  Surgeons. 

p.  Royal  Engineers  (for  Libraries  abroad,  six 
copies) . 

AB.  Royal  Engineers.  Head  Quarters  Library, 
jj.  Royal  Geographical  Society. 
p.  Royal  Horticultural  Society. 
p>.  Royal  Institute  of  British  Architects. 

AB.  Royal  Institution  of  Great  Britain. 

B.  Royal  Medical  and  Chirurgical  Society. 
p).  Royal  Meteorological  Society. 
p.  Royal  Microscopical  Society. 
p.  Royal  Statistical  Society. 

AB.  Royal  United  Service  Institution. 

AB.  Society  of  Arts. 
p.  Society  of  Biblical  Archaeology. 
pi.  Standard  Weights  and  Measux’es  Depart¬ 
ment. 

AB.  The  Queen’s  Library. 

AB.  The  War  Office. 

AB.  University  College. 
p).  Victoria  Institute. 

B.  Zoological  Society. 
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England  and  Wales  (continued). 

Manchester. 

AB.  Free  Library. 

AB.  Literary  and  Philosophical  Society. 
p.  Geological  Society. 

AB.  Owens  College. 

Netley. 

p.  Royal  Victoria  Hospital. 

Newcastle. 

AB.  Free  Library. 

p.  North  of  England  Institute  of  Mining  and 
Mechanical  Engineers. 

p.  Society  of  Chemical  Industry  (Newcastle 
Section) . 

Norwich. 

p.  Norfolk  and  Norwich  Literary  Institution. 
Oxford. 

p.  Ashmolean  Society. 

AB.  RadcliJfe  Library. 

A.  Radcliffe  Observatory. 

Penzance. 

p.  Geological  Society  of  Coniwall. 

Plymouth. 

B,  Marine  Biological  Association. 
p.  Plymouth  Institution. 

Richmond. 

A.  “  Kew  ”  Observatory. 

Salford. 

p.  Royal  Museum  and  Library. 

Stonyhurst. 

p.  The  College. 

Swansea. 

AB.  Royal  Institution. 

Woolwich. 

AB.  Royal  Artillery  Library. 

Finland. 

Helsingfors. 

p.  Societas  pro  Fauna  et  Flora  Fennica. 

AB.  Societe  des  Sciences. 

France. 

Bordeaux. 

p.  Academie  des  Sciences, 
p.  Faculte  des  Sciences. 
p.  Societe  de  Medecine  et  de  Chirurgie. 
p.  Societe  des  Sciences  Physiques  et 
Naturelles. 

Cherbourg. 

p.  Societe  des  Sciences  Naturelles. 

Dijon. 

p.  Academie  des  Sciences. 

Lille. 

p.  Faculte  des  Sciences. 
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France  (continued). 

Lyons. 

AB.  Academiedes  Sciences,  Belles-Lettres  et  Arts. 
Marseilles. 

p.  Faculte  des  Sciences. 

Montpellier. 

AH.  Academie  des  Sciences  et  Lettres. 

B.  Faculte  de  Medecine. 

Paris. 

AB.  Academic  des  Sciences  de  ITnstitut. 
j).  Association  Fran9aise  pour  I’Avancement 
des  Sciences. 

p.  Conservatoire  des  Ai’ts  et  Metiers, 
p.  Cosmos  (M.  l’Abb^  Yalette). 

AB.  Depot  de  la  Marine. 

AB.  Ecole  des  Mines. 

AB,  Ecole  Normale  Superieure. 

AB.  Ecole  Polytechnique. 

AB.  Faculte  des  Sciences  de  la  Sorbonne. 

AB.  Jardin  des  Plantes. 

A.  L’Observatoire. 

p.  Revue  Internationale  de  I’Electricite. 
p.  Revue  Scientifique  (Mons.  H.  de  Vaeigny). 
p.  Societe  de  Biologic. 

AB.  Societe  d’Encoui-agement  pour  ITudustrie 
Nationale.  • 

AB.  Societe  de  Geographic, 
p.  Societe  de  Physique. 

B.  Societe  Entomologique. 

AB.  Societe  Geologique. 

p.  Societe  Mathematique. 
p.  Societe  Meteorologique  de  France. 
Toulouse. 

AB.  Academie  des  Sciences. 

A.  Faculte  des  Sciences. 

Germany. 

Berlin. 

A.  Deutsche  Chemische  Gesellschaft. 

A.  Die  Sternwarte. 
p.  Gesellschaft  fiir  Erdkunde. 

AB.  Konigliche  Preussische  Akademie  der 
W  issenschaften. 

A.  Physikalische  Gesellschaft. 

Bonn. 

AB.  Universitat. 

Bremen. 

p.  Naturwissenschaftlicher  Yerein. 

Breslau. 

p.  Schlesische  Gesellschaft  fiir  Vaterliindische 
Kultur. 

Brunswick. 

p.  Yerein  fiir  Naturwissenschaft. 

Carlsruhe.  See  Karlsruhe. 

Danzig. 

AB.  Naturforschende  Gesellschaft. 
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Germany  (continued). 

Dresden.  i 

p.  Verein  fiir  Erdkunde. 

Emden. 

p.  Naturforschende  Gesellschaft. 

Erlangen.  I 

AB.  Physikalisch-Medicinisclie  Societiit.  j 

Frankfurt-am-Main.  i 

AB.  Senckenbergisclie  Naturforschende  Gesell-  I 

schaft. 

p.  Zoologische  Gesellscliaft. 

Erankfurt-am-Oder. 

p.  Naturwissenscliaftliclier  Verein. 
Freiburg-im-Breisgau.  ' 

AB.  U  nivensitat. 

Giessen. 

AB.  Grossherzoglicbe  Universitat.  | 

Gorlitz.  i 

p.  Naturforscbende  Gesellschaft.  j 

Gottingen.  j 

AB.  Konigliche  Gesellschaft  der  Wissen-  i 

schaf  ten .  I 

Halle.  : 

AB.  Kaiserliche  Leopoldino  -  Carolinische 
Deutsche  Akademie  der  ISTaturforscher. 
p.  Naturwissenschaftlicher  Verein  fiir  Sach¬ 
sen  und  Thuringen. 

Hamburg. 

AB.  Naturwissenschaftlicher  Verein.  | 

Heidelberg.  j 

p.  Haturhistoi'isch-Medizinische  Gesellschaft. 

AB.  Universitat. 

Jena. 

AB.  Medicinisch-Naturwissenschaftliche  Gesell¬ 
schaft. 

Karlsruhe.  | 

A.  Grossherzoglicbe  Stcrnwarte. 

Kiel. 

A.  Sternwarte.  ] 

AB.  Universitat.  t 

I 

Konigsberg. 

AB.  Konigliche  Physikalisch  -  Okonomische 

Gesellschaft. 

Leipsic. 

p.  Annalen  der  Physik  und  Chemie. 

A.  Astronomische  Gesellschaft. 

AB.  Konigliche  Siichsische  Gesellschaft  der 

W  issenschaf  ten. 

Magdeburg. 

p.  Naturwissenschaftlicher  Verein. 

ISIaibru’g. 

AB.  University. 
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Germany  (continued). 

Munich. 

AB.  Konigliche  Bayerische  Akademie  der 
Wissenschaften. 
p.  Zeitschrift  fur  Biologie. 

Munster. 

AB.  Konigliche  Theologische  und  Philo- 
sophische  Akademie. 

Rostock. 

AB.  Universitat. 

Strasburg. 

AB.  Universitat. 

Tubingen. 

AB.  Universitat. 

W  tirzburg. 

AB.  Physikalisch-Medicinisclie  Gesellschaft. 
Holland.  (See  Netherlands.) 

Hungary. 

Pesth. 

p.  Konigl.  Ungarische  Geologische  Anstalt. 

AB.  A  Magyar  Tudos  Tarsasag.  Die  Ungarische 
Akademie  der  Wissenschaften. 

India. 

Bombay. 

AB.  Elphinstone  College. 

Calcutta. 

AB.  Asiatic  Society  of  Bengal. 

AB.  Geological  Museum. 

p.  Great  Trigonometrical  Survey  of  India. 

AB.  Indian  Museum. 

p.  The  Meteorological  Reporter  to  the 
Government  of  India. 

Madras. 

B.  Central  Museum. 

A.  Observatory. 

Roorkee. 

p.  Roorkee  College. 

Ireland. 

Armagh. 

A.  Observatoiy. 

Belfast. 

AB.  Queen’s  College. 

Cork. 

p.  Philosophical  Society. 

AB.  Queen’s  College. 

Dublin. 

A.  Observatory. 

AB.  National  Library  of  Ireland. 

B.  Royal  College  of  Surgeons  in  Ireland. 

AB.  Royal  Dublin  Society. 

AB.  Royal  Irish  Academy. 

Galway. 

AB.  Queen’s  College. 


IX 
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Italy. 

Bologna. 

AB.  Accaclemia  delle  Scienze  dell’  Istituto. 
Catania. 

AB.  Accademia  Gioenia  di  Scienze  Naturali. 
Florence. 

p.  Biblioteca  Nazionale  Centrale. 

AB.  Reale  Mu.seo  di  Fi.sica. 

Milan. 

AB.  Reale  Istituto  Lombardo  di  Scienze, 
Lettere  ed  Arti. 

AB.  Societa  Italiana  di  Scienze  Natni'ali. 
iSTaples. 

AB.  Societa  Reale,  Accademia  delle  Scienze. 

B.  Stazione  Zoologica  (Dr.  Dohen). 

Padua. 

j).  University. 

Palermo. 

A.  Circolo  Matematico. 

AB.  Consiglio  di  Perfezionamento  (Societa  di 
Scienze  Natnrali  ed  Economicbe) . 

A.  Reale  Osservatorio. 

Pisa. 

p.  Societa  Toscana  di  Scienze  Natiirali. 

Rome. 

'  p.  Accademia  Pontificia  de’  Uuovi  Lincei. 

A.  Osservatoi’io  del  Collegio  Romano. 

AB.  Reale  Accademia  dei  Lincei. 
p.  R.  Comitato  Geologico  d’  Italia. 

AB.  Societa  Italiana  delle  Scienze. 

Turin. 

20.  Laboratorio  di  Fisiologia. 

AB.  Reale  Accademia  delle  Scienze. 

Venice. 

p.  Ateneo  Veneto. 

AB,  Reale  Istituto  Veneto  di  Scienze,  Lettere 
ed  Arti. 

Japan. 

Tokio. 

AB.  Imperial  University. 

Yokohama. 

p.  Asiatic  Society  of  Japan. 

Java. 

Batavia. 

AB.  Bataviaascb  Genootschap  van  Kunsten  en 
W  etenschappen. 

Buitenzorg. 
p.  Jardin  Botanique. 

Malta. 

p.  Public  Library. 

Mauritius. 

p.  Royal  Society  of  Ai’ts  and  Sciences. 
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Netherlands. 

Amsterdam. 

AB.  Koninklijke  Akademie  van  Weten.schappen. 
p.  K.  Zoologisch.  Genootschap  ‘  Natura  Artis 
Magistra.’ 

Delft. 

p.  Ecole  Polytecliniqne. 

Haarlem. 

AB.  Hollandsche  Maatschappij  der  Weten- 
schappen. 
p.  Musee  Teyler. 

Leyden. 

AB.  University. 

Luxembourg. 

p.  Soci4te  des  Sciences  Naturelles. 

Rotterdam. 

AB.  Bataafsch  Genootschap  der  Proefonder- 
vindelijke  Wijsbegeerte. 

Utrecht. 

AB.  Provinciaal  Genootschap  van  Kunsten  en 
W  etenschappen. 

New  Zealand. 

Wellington. 

AB.  New  Zealand  Institute. 

Norway. 

Bergen. 

AB.  Bergenske  Museum. 

Christiania. 

AB.  Kongelige  Korske  Frederiks  Universitet. 
Tromsoe. 

p.  Museum. 

Trondhjem. 

AB.  Kongelige  Korske  Videnskabers  Selskab. 

Nova  Scotia. 

Windsor. 

p.  King’s  College  Library. 

Portugal. 

Coimbi’a. 

AB.  Universidade. 

Lisbon. 

AB.  Academia  Real  das  Sciencias. 

JO.  Sec^ao  dos  Trabalhos  Geologicos  de 
Portugal. 

Russia. 

Dorpat. 

AB.  Universite. 

Kazan. 

AB.  Imperatorsky  Kazansky  Universitet. 
Kharkotf. 

p.  Section  Medicale  de  la  Societe  des  Sciences 
Experimentales,  Universite  de  Khai’kow. 

Kieff. 

p.  Societe  des  Naturalistes. 
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Russia  (continued). 

Moscow. 

AB.  Le  ]\[usee  Publique. 

B.  Societe  Imperiale  des  Naturalistes. 

Odessa. 

jp.  Societe  des  Naturalistes  de  la  Nouvelle- 
Russie. 

P  ilkowa. 

A.  Nikolai  Hanpt-Sternwarte. 

St.  Petersburg. 

AB.  Acad(.nnie  Imperiale  des  Sciences. 

AB.  Comite  Geologique. 
p.  Compass  Observatory. 

A.  L’Observatoire  Physique  Central. 

Scotland. 

Aberdeen. 

AB.  Univei’sity. 

Edinburgh. 

f.  Geological  Society. 

p.  Royal  College  of  Physicians  (Research 
Laboratory). 

p.  Royal  Medical  Society. 

A.  Royal  Observatory. 

p.  Royal  Physical  Society. 

p.  Royal  Scottish  Society  of  Arts. 

AB.  Royal  Society. 

Glasgow. 

AB.  Mitchell  Free  Library. 
p.  Philosophical  Society. 

Servia. 

Belgrade. 

p.  Academic  Royale  de  Serbie. 

Spain. 

Cadiz. 

A.  Observatoz’ic  de  San  Fernando. 

Madrid. 

p.  Comisidn  del  Mapa  Geoldgico  de  Bspana. 
AB.  Real  Academia  de  Ciencias. 

Sweden. 

Gottenburg. 

AB.  Kongl.  Vetenskaps  och  Vitterhets  Sam- 
halle. 

Lund. 

AB.  Universitet. 

Stockholm. 

A.  Acta  Mathematica. 

AB.  Kongliga  Svenska  Vetenskaps- Akademie. 
AB.  Sveriges  Geologiska  Undersokning. 

Upsala. 

AB.  Universitet. 

Switzerland. 

Basel. 

p.  Naturforschende  Gesellschaft. 
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Switzerland  (continued). 

Bern. 

AB.  Allg.  Schweizerische  Gesellschaft. 
p.  Naturforschende  Gesellschaft. 

Geneva. 

AB.  Societe  de  Physique  et  d’Histoire  Naturelle. 
AB.  Institut  National  Genevois. 

Lausanne. 

p.  Societe  Vaudoise  des  Sciences  Natui’elles. 
Neuchatel. 

p.  Astronomische  Mittheilungen  (Professor  R. 
Wolf). 

p.  Societe  des  Sciences  Naturelles. 

Zurich. 

AB.  Das  Schweizerische  Polytechnikum. 
p.  Natuz’forschende  Gesellschaft. 

Tasmania. 

Hobart. 

p.  Royal  Society  of  Tasmania. 

United  States. 

Albany. 

AB.  New  Yoi’k  State  Library. 

Annapolis. 

AB.  Naval  Academy. 

Baltimore. 

AB.  Johns  Hopkins  University. 

Bei’keley. 

p.  University  of  California. 

Boston. 

AB.  Amez'ican  Academy  of  Sciences. 

B.  Boston  Society  of  Natural  History. 

A.  Technological  Institute. 

Brooklyn. 

AB.  Brooklyn  Library. 

Cambridge. 

AB.  Harvard  University. 

Chapel  Hill  (N.C.). 

p.  Elisha  Mitchell  Scientific  Society. 
Charleston. 

p.  Elliott  Society  of  Science  and  Art  of  South 
Carolina. 

Chicago. 

AB.  Academy  of  Sciences. 

Davenport  (Iowa). 

p.  Academy  of  Natural  Sciences. 

Madison. 

p.  Wisconsin  Academy  of  Sciences. 

Mount  Hamilton  (California). 

A.  Lick  Observatory. 

New  Haven  (Conn.). 

AB.  American  Journal  of  Science. 

AB.  Connecticut  Academy  of  Arts  and  Sciences. 
New  York. 

p.  American  Geographical  Society. 
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United  States  (continued). 

New  York  (continued), 
p.  American  Museum  of  Natural  History, 
p.  New  York  Academy  of  Sciences. 

p.  New  York  Medical  Journal. 

p.  Scliool  of  Mines,  Columbia  College. 
Philadelphia. 

AB.  Academy  of  Natural  Sciences. 

AB.  American  Philosophical  Society. 
f.  Franklin  Institute. 
p.  Wagner  Free  Institute  of  Science. 

St.  Louis. 

p.  Academy  of  Science. 

Salem  (Mass.). 
p.  Essex  Institute. 

AB.  Peabody  Academy  of  Science. 


United  States  (continued). 

San  Francisco. 

AB.  California  Academy  of  Sciences. 
Washington. 

p.  Department  of  Agriculture. 

A.  Office  of  the  Chief  Signal  Officer. 

AB.  Patent  Office. 

AB.  Smithsonian  Institution. 

AB.  United  States  Coast  Survey. 
p.  United  States  Commission  of  Fish'  and 
Fisheries. 

AB.  United  States  Geological  Survey. 

A.  United  States  Naval  Observatory. 

West  Point  (N  Y.) 

AB.  United  States  Military  Academy. 
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PHILOSOPHICAL  TRANSACTIONS. 


I.  On  the  Mechanical  Conditions  of  a  Swarm  of  Meteorites,  and  on  Theories  of 

Cosmogony. 

Jly  G.  H.  Darwin,  LL.D.,  F.R.S.,  Fellow  of  Trinity  College  and  Plumian  Professor 

in  the  University  of  Cambridge. 

Received  July  12, — Read  November  15,  1888. 

Mr.  Lockyer  writes  In  his  interesting  paper  on  Meteorites'^  as  follows  : — 

“  The  brighter  lines  in  spiral  nebulse,  and  in  those  in  which  a  rotation  has  been  set 
np,  are  in  all  probability  due  to  streams  of  meteorites  with  irregular  motions  out  of 
the  main  streams,  in  wdiich  the  collisions  would  be  almost  nil.  It  has  already  been 
suggested  by  Professor  G.  Darwin  (‘  Nature,’  vol.  31,  1884-5,  p.  25) — using  the  gaseous 
hypothesis — that  in  such  nebulse  ‘  the  great  mass  of  the  gas  is  non-luminous,  the 
luminosity  being  an  evidence  of  condensation  along  lines  of  low  velocity,  according  to 
a  well  known  hydrodynamical  law.  From  this  point  of  view,  the  visible  nebula  may 
be  regarded  as  a  luminous  diagram  of  its  own  stream-lines.’  ” 

Tlie  wdiole  of  Air.  Lockyer’s  paper,  and  especially  this  passage  in  it,  leads  me  to 
make  a  suggestion  for  the  reconciliation  of  two  apparently  divergent  theories  of  the 
origin  of  planetary  systems. 

The  nebular  hypothesis  depends  essentially  on  the  idea  that  the  primitive  nebula  is 
a  rotating  mass  of  fluid,  which  at  successive  epochs  becomes  unstable  from  excess  of 
rotation,  and  sheds  a  ring  from  the  equatorial  region. 

The  researches  of  PocHEt  (apparently  but  little  knowm  in  this  country)  have 
imparted  to  this  theory  a  precision  which  was  wanting  in  Laplace’s  original 
exposition,  and  have  rendered  the  explanation  of  the  origin  of  the  planets  more 
perfect. 

But  notwithstanding  the  high  probability  that  some  theory  of  the  kind  is  true,|  the 
acceptance  of  the  nebular  hypothesis  presents  great  difficulties. 

Sir  WiLLLAM  Thomson  long  ago  expressed  to  roe  his  opinion  that  the  most  pro¬ 
bable  origin  of  the  planets  was  through  a  gradual  accretion  of  meteoric  matter,  and 

*  ‘  Nature,’  Nov.  17,  1887.  The  paper  itself  is  in  ‘  Roy.  Soc.  Proc.,’  Nov.  15,  1887  (No.  259,  p.  117). 

t  ‘  Montpelliei-,  Acad.  Sci.  Mem.’ 

X  [The  very  remarkable  photograph  of  the  nebula  in  Andromeda,  exhibited  to  the  Royal  Astronomical 
Society  by  Mr.  Isaac  Roberts  on  December  6,  1888,  affords  something  like  a  proof  of  the  substantial 
truth  of  the  nebular  hypothesis. — G.  IT.  D.  December  19,  1888.] 
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the  researches  of  Mr.  Lockyer  afford  actual  evidence  in  favour  of  the  abundauce  of 
meteorites  in  space. 

But  the  very  essence  of  the  nebular  hypothesis  is  the  conception  of  fluid  pi’essure. 
since  without  it  the  idea  of  a  figure  of  equilibrium  becomes  inapplicable.  Kow,  at 
first  sight,  the  meteoric  condition  of  matter  seems  absolutely  inconsistent  with  a  fluid 
pressure  exercised  by  one  part  of  tlie  system  on  another.  We  thus  seem  driven  either 
to  the  absolute  rejection  of  the  nebular  hypothesis,  or  to  deny  that  the  meteoric  con¬ 
dition  was  the  immediate  antecedent  of  the  Sun  and  Planets.  M.  Faye  has  taken  the 
former  course,  and  accepts  as  a  necessary  consequence  the  formulation  of  a  succession 
of  events  quite  different  from  that  of  the  nebular  hypothesis.*  I  cannot  myself  find 
that  his  theory  is  an  improvement  on  that  of  Laplace,  except  in  regard  to  the  adop¬ 
tion  of  meteorites,  for  he  has  lost  the  conception  of  the  figure  of  equilibrium  of  a 
rotating  mass  of  fluid. 

The  object  of  this  paper  is  to  point  out  that  by  a  certain  interpretation  of  the 
meteoric  theory  we  may  obtain  a  reconciliation  of  these  two  orders  of  ideas,  and  may 
hold  that  the  origin  of  stellar  and  planetary  systems  is  meteoric,  whilst  retaining  the 
conception  of  fluid  pressure. 

According  to  the  kinetic  theory  of  gases,  fluid  pressure  is  the  average  result  of  the 
impacts  of  molecules.  If  we  imagine  the  molecules  magnified  until  of  the  size  of 
meteorites,  their  impacts  will  still,  on  a  coarser  scale,  give  a  quasi-fluid  pressure.  I 
suggest  then  that  the  fluid  pressure  essential  to  the  nebular  hypothesis  is,  in  fact,  the 
resultant  of  countless  impacts  of  meteorites. 

The  problems  of  hydrodynamics  could  hardly  be  attacked  with  success,  if  we  wmre 
forced  to  start  from  the  beoirminof  and  to  consider  the  cannonade  of  molecules.  But 
when  once  satisfied  that  the  kinetic  theory  will  give  us  a  gas,  wdiich,  in  a  sjaace 
containing  some  millions  of  molecules,  obeys  all  the  laws  of  an  ideal  non-molecular 
gas  filling  all  space,  we  may  put  the  molecules  out  of  sight  and  treat  the  gas  as  a 
plenum. 

In  the  same  wa.y,  the  difflculty  of  tracing  the  impacts  of  meteorites  in  detail  is 
insuperable  ;  but,  if  we  can  find  that  such  impacts  give  rise  to  a  quasi-fluid  pressure  on 
a  large  scale,  we  may  be  able  to  trace  out  many  results  by  treating  an  ideal  plenum. 
Laplace’s  hypothesis  implies  such  a  plenum,  and  it  is  here  maintained  that  this 
plenum  is  merely  the  idealisation  of  the  impacts  of  meteorites. 

As  a  bare  suggestion  this  view  is  worth  but  little,  for  its  acceptance  or  rejection 
must  turn  entirely  on  numerical  values,  which  can  only  be  obtained  by  the  considera¬ 
tion  of  some  actual  system.  It  is  obvious  that  the  solar  system  is  the  only  one  about 
which  we  have  sufficient  knowledge  to  afford  a  basis  for  discussion.  This  paper  is 
accordingly  devoted  to  a  consideration  of  the  mechanics  of  a  swarm  of  meteorites,  with 
special  numerical  application  to  the  solar  system. 

The  investigation  has  entailed  a  considerable  amount  of  mathematical  analysis  ; 

*  ‘  Sur  rOrigine  du  Monde,’  Paris,  Gauthiee-Villaes,  1884;  ‘  Annnaire  pour  I’an  1885,  Bureau  des 
Longitudes,’  p.  757. 
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there  is,  however,  no  analysis  in  §§  1  and  2.  The  reader  who  only  wishes  to  know 
the  arguments  and  results,  without  a  consideration  of  the  mathematical  details,  is 
therefore  recommended,  after  reading  §§  1  and  2,  to  pass  on  to  the  Summary. 

§  1.  On  the  Effective  Elasticity  of  Meteorites  in  Collision. 

When  two  meteoric  stones  meet  with  planetary  velocity,  the  stress  between  them 
during  impact  must  generally  be  such  that  the  limits  of  true  elasticity  are  exceeded  ; 
and  it  may  be  urged  that  a  kinetic  theory  is  inapplicable  unless  the  colliding  particles 
are  highly  elastic.  It  may,  however,  I  think,  be  shown  that  the  very  greatness  of 
the  velocities  will  impart  what  virtually  amounts  to  an  elasticity  of  a  high  order  of 
perfection. 

It  appears,  a  joriori,  probable  that,  when  two  meteorites  clash,  a  portion  of  the 
solid  matter  of  each  is  volatilised,  and  Mr.  Lockyer  considers  the  spectroscopic 
evidence  conclusive  that  it  is  so.  There  is,  no  doubt,  enough  energy  liberated  on 
impact  to  volatilise  the  whole  of  both  bodies,  but  only  a  small  portion  of  each  stone 
will  undergo  this  change. 

A  rough  numerical  example  will  show  the  kind  of  f[uantities  with  which  we  are 
here  dealing. 

It  will  appear  hereafter  that  the  mean  velocity  of  a  meteorite  may  be  at  the  least 
about  5  kilometres  a  second;  and,  accordingly,  the  mean  relative  velocity  of  a  pair 
would  then  be  about  7  kilometres  a  second."^  Hence,  if  two  stones,  weighing  a 
kilogramme,  move  each  with  a  velocity  of  3^  kilometres  per  second  directly  towards 
one  another,  the  energy  liberated  at  the  moment  of  impact  is  2  X  X  10'^  (3-^  X  10'^)“ 
or  12  X  10^®  ergs. 

Now  Joule’s  ecpii valent  is  4 '2  X  10'^  ergs;  hence,  the  energy  liberated  is  about 
3  million  calories. 

It  is  quite  uncertain  how  much  of  each  stone  would  be  volatilised  ;  but,  if  it  were 
3  grammes,  there  would  be  a  million  calories  of  energy  applied  to  each  gramme. 

The  melting  temperature  of  iron  is  about  1500  degrees  Centigrade,  and  the  mean 
specific  heat  of  iron  may  be  about  y.t  Hence,  about  300  calories  are  required  to  raise 
a  gramme  of  iron  from  absolute  zero  to  melting  point.  I  do  not  know  the  latent  heat 
of  the  melting  of  iron,  but  for  platinum  it  is  27,  and  the  latent  heat  of  volatilisation 
of  mercury  is  62.  Hence,  about  400  or  500  calories  suffice  to  raise  a  gramme  of  iron 
from  absolute  zero  to  volatilisation.  It  is  clear,  then,  that  there  is  energy  enough, 
not  only  to  volatilise  the  iron,  but  also  to  render  the  gas  incandescent ;  and  the  same 
would  be  true  if  the  mass  operated  on  by  the  energy  were  30  grammes  instead  of  3. 

It 'must  necessarily  be  obscure  as  to  how  a  small  mass  of  solid  matter  can  take  up 
a  very  large  amount  of  energy  in  a  small  fraction  of  a  second,  but  spectroscopic 
evidence  seems  to  show  that  it  does  so  ;  and,  if  so,  we  have  what  is  virtually  a  violent 
explosive  introduced  between  the  two  stones. 

*  If  V  be  the  velocity  of  mean  square,  \/  2  is  the  sqnare  root  of  the  mean  square  of  relative  velocity. 

t  ‘  Physikaliscli-Cbemiscbe  Tabellen.’  Landolt  and  Bornstein. 
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In  a  direct  collision  each  stone  is  probably  shattered  into  fragments,  like  the 
splashes  of  lead  when  a  bullet  hits  an  iron  target.  But  direct  collision  must  be 
a  comparatively  rare  event.  In  glancing  collisions  the  velocity  of  neither  body  is 
wholly  arrested,  the  concentration  of  energy  is  not  so  enormous  (although  probably 
still  sufficient  to  effect  volatilisation),  and,  since  the  stones  rub  past  one  another,  more 
time  is  allowed  for  the  matter  round  the  point  of  contact  to  take  up  the  energy ;  thus, 
the  whole  process  of  collision  is  much  more  intelligible.  The  nearest  terrestrial 
analogy  is  when  a  cannon-ball  bounds  off  the  sea.  In  glancing  collisions  fracture  will 
probably  not  be  very  frequent. 

From  these  arguments,  it  is  probable  that,  when  two  meteorites  meet,  they  attain 
an  effective  elasticity  of  a  high  order  of  perfection  ;  but  there  is,  of  course,  some  loss 
of  energy  at  each  collision.  [It  must,  however,  be  admitted  that  on  collision  the 
deflection  of  path  is  rarely  through  a  very  large  angle.  But  a  succession  of  glancing 
collisions  would  be  capable  of  reversing  the  path  ;  and,  thus,  the  kinetic  theory  of 
meteorites  may  be  taken  as  not  differing  materially  from  that  of  gases. 

Perhaps  the  most  serious  difficulty  in  the  whole  theory  arises  from  the  fractures 
which  must  often  occur.  If  they  happen  with  great  frequency,  it  would  seem  as  if 
the  whole  swarm  of  meteorites  would  degrade  into  dust.  We  know,  however,  that 
meteorites  of  considerable  size  fall  upon  the  Earth ;  and,  unless  Mr.  Lockyer  has 
misinterpreted  the  spectroscopic  evidence,  the  nebulrn  do  now  consist  of  meteorites. 
Hence,  it  would  seem  as  if  fracture  was  not  of  very  frequent  occurrence.  It  is  easy 
to  see  that,  if  two  bodies  meet  with  a  given  velocity,  the  chance  of  fracture  is  much 
greater  if  they  are  large,  and  it  is  possible  that  the  process  of  breaking  up  will  go  on 
only  until  a  certain  size,  dependent  on  the  velocity  of  agitation,  is  reached,  and  will 
then  become  comparatively  unimportant. 

When  the  volatilised  gases  cool,  they  will  condense  into  a  metallic  rain,  and  this 
may  fuse  with  old  meteorites  whose  surfaces  are  molten.  A  meteorite  in  that 
condition  will  certainly  also  pick  up  dust.  Thus,  there  are  processes  in  action 
tending  to  counteract  subdivision  by  fracture  and  volatilisation.  The  mean  size  of 
meteorites  probably  depends  on  the  balance  between  these  opposite  tendencies.  If 
this  is  so,  there  will  be  some  fractures,  and  some  fusions,  but  the  mean  mass  will 
change  very  slowly  with  the  mean  kinetic  energy  of  agitation.  This  view  is,  at  any 
rate,  adojrted  in  the  paper  as  a  working  hypothesis.  It  was  not,  howmver,  possible 
to  take  account  of  fracture  and  fusion  in  the  mathematical  investigation,  but  the 
meteorites  are  treated  as  being  of  invariable  mass. 

§  2.  On  the  Velocity  of  Agitation  of  Meteoi  ites,  and  on  its  Secular  Change. 

The  velocity  with  which  the  meteorites  move  is  derived  from  their  fall  from  a  great 
distance  towards  a  centre  of  aggregation.  In  other  words,  the  potential  energy  of 
their  mutual  attraction  when  widely  dispersed  becomes  converted,  at  least  partially. 


*  Added  Nov.  16,  1888. 
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into  kinetic  energy.  When  the  condensation  of  a  swarm  is  just  beginning,  the  mass  of 
the  aggregation  towards  which  the  meteorites  fall  is  small ;  and,  thus,  the  new  bodies 
arrive  at  the  aggregation  with  small  velocity.  Hence,  initially,  the  kinetic  energy  is 
small,  and  the  volume  of  the  sphere  within  wdiich  hydrostatic  ideas  are  (if  anywhere) 
applicable  is  also  small. 

As  more  and  more  meteorites  fall  in  that  volume  is  enlarged,  and  the  velocity  with 
which  they  reach  the  aggregation  is  increased.  Finally,  the  supply  of  meteorites  in 
that  part  of  space  begins 'to  fail,  and  the  imperfect  elasticity  of  the  colliding  bodies 
brings  about  a  gradual  contraction  of  the  swarm. 

I  do  not  now  attempt  to  trace  the  whole  history  of  a  swarm,  but  the  object  of  the 
paper  is  to  examine  its  mechanical  condition  at  an  epoch  when  the  supply  of  meteorites 
from  outside  has  stopped,  and  when  the  velocities  of  agitation  and  distribution  of 
meteorites  in  space  have  arranged  themselves  into  a  sub-permanent  condition,  only 
affected  by  secular  changes.  This  examination  will  enable  us  to  understand,  at  least 
roughly,  the  secular  change  in  the  velocity  and  in  the  distribution  of  the  meteorites 
as  the  swarm  contracts,  and  will  throw  light  on  other  questions. 

§  3.  Formulce  for  Mean  Square  of  Velocity,  Mean  Free  Path,  and  Interval  between 

Collisions. 

We  have  to  investigate  whether,  when  the  solar  system  consisted  of  a  swarm  of 
meteorites,  the  velocities  and  encounters  could  have  been  such  that  the  mechanics  of 
the  system  can  be  treated  as  subject  to  the  laws  of  hydrodynamics.  The  formulse 
which  form  the  basis  of  this  discussion  will  now  be  considered. 

For  the  sake  of  simplicity,  the  meteorites  will,  in  the  first  instance,  be  treated  as 
spheres  of  uniform  size. 

The  sum  of  the  masses  of  the  meteorites  is  equal  to  that  of  the  Sun,  for  the  planets 
only  contribute  a  negligible  mass.  If  M^  be  the  Sun’s  mass,  and  m  that  of  a  meteorite, 
their  number  is  MJm. 

If,  at  each  encounter  between  two  meteorites,  there  were  no  loss  of  energy,  the  sum 
of  the  kinetic  energies  of  all  the  meteorites  would  be  equal  to  the  potential  energy 
lost  in  the  concentration  of  the  swarm  from  a  condition  of  infinite  dispersion,  until  it 
possessed  its  actual  arrangement.  In  such  a  computation  the  rotational  energy  of  the 
system  is  negligible. 

Suppose  the  Sun’s  mass  to  be  concentrated  from  infinite  dispersion  until  it  is 
arranged  in  the  form  of  a  homogeneous  sphere  of  radius  a  and  density  p.  Then  let 
the  sphere  be  cut  up  into  as  many  equal  spaces  as  there  are  meteorites,  and  let  the 
matter  in  each  space  be  concentrated  into  a  meteorite.  When  the  number  of 
meteorites  is  large,  the  poteiitial  energy  lost  in  the  first  process  is  very  great  compared 
with  that  lost  in  the  subsequent  partial  condensation  into  meteorites."^  Thus,  the 
energy  lost  in  the  ])artial  condensation  is  negligible. 

*  It  depends,  in  fact,  on  the  square  of  the  ratio  of  the  diameter  ‘2a  to  the  linear  dimcrsion  of  one  of 
the  equal  spaces. 
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If  jjL  be  the  attractional  constant,  the  lost  energy  of  condensation  is  well  known  to 
be  But  on  the  hypothesis  that  there  is  no  loss  of  energy  at  each  encounter, 

this  must  be  equal  to  the  sum  of  the  kinetic  energies  of  all  the  meteorites.  If,  there¬ 
fore,  be  the  mean  square  of  velocity  of  a  meteorite,  we  must  have  ^  MqV^  = 
so  that  ^  IX  MJa. 

But  homogeneity  of  density  and  uniformity  of  kinetic  energy  of  agitation  are 
impossible  ;  for  the  meteor-swarm  must  be  much  condensed  towards  its  centre,  so  that 
we  have  largely  underestimated  the  lost  potential  energy  of  the  system.  Also,  the 
velocity  of  agitation  must  decrease  towards  the  outside,  or  else  the  swarm  would 
extend  to  infinity.  Besides  this,  the  partial  conversion  of  molar  into  molecular  energy, 
which  must  take  place  on  each  encounter,  has  been  neglected. 

We  shall  see  below  reason  for  believing  that  throughout  a  large  central  volume  the 
mean  square  of  velocity  of  agitation  is  nearly  uniform,  and  that  outside  of  this  region 
it  falls  off. 

Suppose,  then,  that  M  is  the  mass  and  a  the  radius  of  that  portion  of  the  swarm 
in  which  the  square  of  velocity  of  agitation  is  uniforiu ;  letiq®  be  that  square  of  velocity, 
and  let  it  be  defined  by  reference  to  the  potential  of  M  at  distance  a,  so  that 


^ 


O 


3f 


(1) 


where  /3  is  a  coefficient  for  which  a  numerical  value  will  be  found  below. 

The  square  of  velocity  of  agitation  outside  of  the  radius  a  is  to  be  denoted  by 
and  srdDsequent  investigation  will  be  necessary  to  evaluate  v'^  in  terms  of  rqh 

If  we  denote  by  cIq  the  Earth’s  distance  from  the  Sun,  and  by  u^^  the  Earth’s 
velocity  in  its  orbit,  we  have 


Whence, 


Vq  =  /Buq 


«0 

. (2) 

iM^aj 

. (3) 

If  in -any  distribution  of  meteorites  w  is  the  sum  of  the  masses  of  all  the  meteorites 
in  unit  volume,  or  the  density  of  the  swarm  at  any  point,  and  if  X  be  that  distance 
which  is  called  in  the  kinetic  theory  of  gases  “  the  mean  distance  between  neighbouring 
molecules,”  we  have 


to 


i-i) 


Now,  the  mean  density  of  that  part  of  the  swarm  in  which  the  kinetic  enei’gy  of 
agitation  is  constant  being  p,  we  have 

P  = 

and 


4:7ra'^ 


X3=  4 


77  . 


])i  ^ 

m'  to 


(5) 

((5) 
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Suppose  that  s  is  “  the  radius  of  the  sphere  of  action”  of  a  meteorite,  so  that  when 
two  of  them  approach  so  that  the  distance  Ijetween  their  centres  is  s  there  is  a 
collision. 

Let  L  and  The  the  mean  free  path  and  mean  interval  between  collisions.  Then, 
since  the  mean  velocity  is  v  v/(8/3  tt),  we  have,  according  to  the  kinetic  theory  of 


gases,* 


L 


(7) 


Then,  on  substitution  from  (4),  (5),  and  (6),  we  have 


oV8' 


id. 


U  J  \"'0 


a  \3  m 


an  /  M  w  s" 


T  = 


(f  \/3  TT 

M,ii, 


L  J  \“o 


a  Y  1  '^0  ™ 


Co/  ^\M j  V  w  s~ 


(8) 


Now^  let 


and  we  have 


Un  = 


p.MX- 


Tn  = 


C|f\/8 
ido  ’ 

77 

Jdy?6j 


=  ^  u 


W  =  Ur, 


l  =  L 


U- 


a \i 


M\i 

idj 


L 

T 


=  1. 


=  T  . 


id. 


o\XP 


m 


Ml  w 

1  /ido\*  Vo  ip  m 


/3\iMJ  V  w  j 


(9) 


(10) 


We  now  proceed  to  calculate  Uq,  1^,  Tq,  and  also  using  the  centiinetre-gramme- 

second  system  of  units. 

The  Sun’s  mass  may  be  taken  as  315,511  times  that  of  the  Earth,  and  the  Earth  as 
6T4  X  10"^  grammes t ;  hence 

Mq  =  =  1'9372  X  10^®  grammes. 


The  attractional  constant  and  the  Earth’s  mean  distance  from  the  Sun  are 


_  648 
^  ~  10^’ 


(Xq  =  L-487  X  10’®  cm. 


*  Meyer,  ‘  Kinetiscbe  Theoile  der  Gase.’ 

t  Here  and  elsewFere  I  generally  use  Everett’s  ‘  Units  and  Physical  Constants. 
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With  these  values 

Uq  =  1Q6-46323  _  2,905,600  cm.  per  sec. 

=  106-68329  _  4^800,600  cm. 

To  =  I00'253fi6  _  1-79334  sec.  .  (1^) 

106-79204  ^  6,195,000  I 

''0  J 

The  dimensions  of  Iq  and  Tq  are  not  those  of  length  and  time  ;  but,  if  meteorites 
of  1  gramme  mass,  with  sphere  of  action  1  centimetre,  and  “  velocity  of  mean  square  ” 
of  agitation  equal  to  the  Earth’s  velocity  in  its  orbit,  bave  density  of  distribution 
equal  to  one-third  of  the  mean  density  of  the  sphere  M,  then  Iq,  tq  will  be  the  mean 
free  path  and  time,  as  stated  in  centimetres  and  seconds.  We  may  thus  regard  Iq,  Tq 
as  a  lengTh  and  time,  provided  care  be  taken  in  the  subsequent  use  of  the  s}nnbols  to 
adhere  to  the  c.g.s.  system  of  units. 


§  4.  On  the  Equilibrium  of  a  Gas  at  Uniform  Temq^erature  in  Concentric  Spherical 

Layers  under  its  own  Gravitation. 


It  is  assumed  iirovisioually  tlrat  the  conditions  are  satisfied  which  permit  us  to 
regard  the  swarm  of  meteorites  as  a  quasi-gas,  subject  to  the  laws  of  hydrostatics. 

The  solution  of  this  problem,  then,  becomes  a  necessary  preliminary  to  the  discus¬ 
sion  of  the  kinetic  theory  of  meteorites.  The  equilibrium  of  a  gas  under  its  own 
gravitation  has  been  ably  discussed  by  Professor  Pitter  in  one  of  his  series  of  ]iapers 
on  gaseous  planets.'”  The  intrinsic  interest  of  the  problem  renders  an  independent 
solution  valuable.  Suppose,  then,  that  a  mass  M-^  of  gas  is  enclosed  in  a  spherical 
envelope  of  radius  a^,  and  is  in  equilibrium  in  concentric  spherical  layers.  Let  vf, 
the  mean  square  of  the  velocity  of  agitation  of  the  gaseous  molecules,  be  defined  by 
reference  to  the  potential  of  the  mass  at  the  radius  cq,  so  that 


2  piA 


where  is  a  numerical  coefficient,  and  y  is  the  attractional  constant. 

Let  y*  and  w  be  the  pressure  and  density  of  the  gas  at  radius  r,  and  L:  the  modulus 
of  elasticity,  so  that 

20  —  h  w, 


h  = 


2  — 


*  “  Untersucliungen  iiber  die  Hobe  dei’  Atmosphare  und  die  Constitution  gasformigei-  Weltkoi-per,” 
‘Wiedemann’s  Annalen  ’  (Rew  Series),  vol.  16,  1882,  p.  166.  A  very  elegant  solution  of  part  of  my 
problem  has  also  been  given  by  Mr.  G.  W.  Hill  in  the  ‘  Annals  of  Mathematics,’  vol.  4,  No.  1,  p.  19 
(Februai’y,  1888).  Mr.  Hill’s  paper  only  reached  my  hands  after  my  own  calculations  had  been 
completed,  and  I  therefoi-e  adhere  to  my  own  less  elegant  method.  Mr.  Hill  has  obviously  not  seen 
M.  Ritter’s  papers. 
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Then  the  equation  for  the  hydrostatic  equilibrium  of  the  gas  is 


—  ^  +  4  TT  /r  f  ivr^  dr  =  0. 
10  dr  J  0 


(12) 


It  is  obvious  that - ^  is  equal  to  the  whole  mass  enclosed  inside  radius  v,  and 

fjbw  dr 

this  relation  will  hold  however  the  equation  be  transformed,  provided  we  do  not 
multiply  the  equation  by  any  factor. 

In  consequence  of  the  relation  between  p  and  iv  this  may  be  written 


Jc 


d  ,  47ryu.  p  c  7 


0. 


If  Pj  be  the  mean  density  of  the  mass  we  have 

9k 


4:  TT  p  = 


Pl«l 


/3-papp^ 


Hence,  we  may  write  the  equation  (12)  in  the  form 

r”  d  9  f'"  VO  d 

ka^ 

Now,  let 


r-  d  .  9  p  VO  d  -j~\ 


—  — 

r 


and  the  equation  becomes 


w 

Pi 


10  3  H/f  ^^Vi  if 


€^1  , 

- 


=  0. 


By  dilferentiation  we  obtain  the  equation 


tMi  4_  fl''  _  A 
dxp  o:p 


(13; 


(14) 


It  is  obvious  from  (13)  that  ^  M-^  dyjdx-^  is  the  mass  enclosed  inside  radius  a/cc^, 

and  therefore  (Bp  dypdx-^  is  equal  to  unity  when  x  ■=  1. 

A  general  analytical  solution  of  (14)  does  not  seem  to  be  attainable,  and  recourse 
must  be  had  to  numerical  processes.  Although  this  is  an  equation  of  the  second 
degree,  and  its  general  solution  must  involve  two  arbitrary  constants,  wm  shall  see  (as 
pointed  out  by  M.  Bitter)  that  the  general  solution,  as  applicable  to  our  problem, 
may  be  deduced  from  one  single  numerical  solution.  M.  Bitter  proceeds  by  a 
graphical  method,  which  he  has  worked  with  surprising  accuracy.  I  shall  therefore 
adopt  an  analytical  and  numerical  method,  which,  although  laborious,  is  susceptible  of 
greater  accuracy. 
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Whatever  be  the  arrangement  of  the  gas,  the  density  at  the  centre  must  have  some 
value.  I  therefore  start  with  a  central  density  co,  corresponding  to  the  value  y  of 
so  that 

. (15) 

Pi 

For  the  sake  of  brevity  the  suffixes  1  will  be  now*  omitted  from  the  various  symbols, 
to  be  reaffixed  later  when  they  are  required. 

At  the  centre,  where  x  is  infinite,  dijjdx,  d^yjdx^,  &c.,  are  all  zero,  and  we  put 

y  =  i- 

Let  ^  =  e'^/x^,  and  let  us  assume 
y  =  7)  -{■  V 

Now,  the  differential  equation  (14)  to  be  satisfied  is 


dx^  A 


But 


x~ 


.nhi 


-2.3A,i+^-5A,e-6.7A,i^+  ...  , 


and  by  expanding  e”  we  obtain 


-  ^  -  (A,  +  1  A, 2)  +  (A,  +  A, A,  +  ,1-  A, 3) 

—  {A^  +  A^A^  +  I  A^^  +  ^ 

+  (^5  +  ^i^4  +  ^2^3  +  +  2“3  •  •  • 

By  equating  coefficients  in  these  two  series,  I  find 


and 


/4  —  A  A  —  -1- 

^1  —  6  5  m.2  —  12  0  5 

A  —  6  29 

0  2  24,5  3  2,000  ’ 


A  —  _JL _ 

^3  —  18  9  0  5 


6  1 


A  _  J^^O  7  383.^. 
6  1  5  6  X  1  0« 


1,6  3  2,9  6  0  5 
&C., 


log  =  9-2218487, 
log  =  5-5723543, 


log  Ag  =  7-9208188,  log  Ag  =  6-7235382, 
log  Ag  =  4-4473723,  log  A^  =  3-3392964  ; 


whence,  by  extrapolation, 

log  Ay  =  2-243,  log  ^8  =  1‘13. 


In  M,  Bitter’s  paper,  already  referred  to,  he  takes  a  certain  function  u  as  equal  to 
1-031,  when  the  radius  is  unity.  Now,  Bitter’s  function  u  is  equal  in  my  notation  to 
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-g  {wIp)  ^  or  ^  e^jx^.  It  follows,  therefore,  that  Ritter  takes  the  surface 

value  of  1/ =  log^  2'062.  But  he  intends  the  central  density  to  be  100  times  the 
surface  density  ;  hence,  to  take  the  same  solution,  we  must  have  e’’  equal  to  100 
times  2'062.  Therefore,  his  value  of  t]  would  be 

77  =  log,  100  +  log,  2-062, 
or 

77  =  5-3288465. 

Now,  as  I  want  to  make  a  comparison  between  my  solution  and  his,  I  start  with 
this  value  of  77.  The  only  object  attained  by  the  choice  of  this  particular  value  h 
that  the  two  solutions  become  easily  comparable.  It  will  be  seen  below  that  the 
value  of  77  does  not  make  the  central  density  exactly  100  times  the  surface  density, 
but  only  satisfies  that  condition  approximately.  In  Ritter’s  graphical  treatment  of 
the  problem  this  value  100  is  the  exact  datum,  whereas  in  my  method  we  start  with 
an  exact  value  of  77,  and  proceed  to  find  the  ratio  of  central  to  surface  density. 

With  this  value  of  77  (whence  log^Q  e’’ =  2-3142888)  I  find  the  following  series 
for  y  ; — 

34-3667  ,  354-321  4638-79  ,  67,532-0  1,044,280 

y  =  0-3288465  - - ^  ^ - — - 

t/O  t/y  tA/  lA/ 

,  16,789,000  2-77  x  108  ,  4-4x103 

d“  ^12  -^14  '  16  •  •  •  ;  •  •  (16) 

tO  lA/  tO 


and,  by  differentiation,  the  series  for  dyjdx  is  obvious. 

This  series  will  be  very  accurate  from  37=  00  to  about  cc  =  8.  Thus,  when  rja  =  "1, 
or  a:  =  10,  we  have 

7/ =  5-016558,  =+  -0568910, 


and  even  the  far  less  convergent  series  for  d-yjdx^  gives  —  ’0150891,  agreeing  with 
—  eyjx^  to  the  last  place  of  decimals.  When  rja  =  -125,  or  ai  =  8,  we  have"^ 


wRence, 


y  =  4-86392.5, 


dy 

dx 


-101168, 


d-i! 

J=-  -031024, 


with  y  correct  to  four,  and  proliably  to  five,  places  of  decimals,  and  dyjdx  probably 
correct  to  four  places  of  decimals.  This  is  amply  sufficient  for  our  purpose.  Indeed, 
accuracy  of  this  order  would  be  altogether  pedantic,  were  it  not  that  the  errors 
accumulate. 


*  Even  when  a;  =  5,  I  find  from  tliis  series  y  —  4-342,  "vvdiicli  lies  -ymry  near  to  1/  =  4  .332,  fonnd  'bclo-^v. 
But  the  series  for  dyjdx  is  useless. 

C  2 
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We  cannot,  then,  rely  on  this  method  of  procedure  beyond  the  region  included 
tetween  x  =  oo  and  x  —  S,  and  must  now  make  a  new  departure. 

Since 

d“7/  _  e'J 

~  ^  ’ 

cPy\ 


therefore, 
Noav,  let 


lot 


dx^  J 


=  y  —  4  log  X  ; 


fPy  d^y  fdy  4 

dx^  dx~  \dx  X 


"  nl  dx”  ’ 


(17) 


where,  after  differentiation,  x  is  put  equal  to  c,  a  constant. 
Then  (17)  may  be  written — 

2!  /  4^ 

'^3  —  Nl  ^3  ( ^1 


Now,  it  is  clear  that 


dPA,i  n  +  p! 


dcP 


oil 


-  A 

,  -^n+p 


■  (18) 


Hence-,  differentiating  (18)  n  —  3  times,  we  have 


,  =  o  n 


'L±JL' m  -1-  i — r 

3-ry!(7!3!  2!  ]  n  ?  +  l  "T  I  /  c?  + 1 


•’  ^  ^  n  —  3\  2\  n  —  g  —  1\  . 

~  A  =  S - - - A 

31  "  ^  . . 


or 


i - '  V  (^n_g_ij(n-q-2)A„_,_,l(qA-  l) +  i  +  (-)^^,4i  ^ 


n.7l  —  1.71  —  O  o- 


9  =  0 


or 


'  ;;  1 2  .  iHo  r (n  —  2)  A^_2  -h  ( — )" 

71 .  71  —  1  .  71  —  3  I  ^  c" 


+  3  .  2.4. 


(n  —  3)H„_3— (— )”  +...|_.  (19) 


Now,  if,  for  a  given  value  of  x,  viz.,  c,  we  know  y,  or  Aq,  and  dyldx,  or  A^,  then  we 
can  compute  A.2  from  the  formula  —  and,  by  the  formula  (18),  viz.  ; — 


^3-3 


2  .  1 


zlg  may  be  computed. 

Mterwards,  A^,  A~,  &c.,  may  be  computed  by  successive  applications  of  (19). 
being  so, 


This 
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y  =  Aq  A^{x  —  c)  -{■  A^{x  —  cY  , 

=  ^1  +  2^3  {x  —  c)  A-  3Aq  (x  —  cY  A-  ■  ■  ■ 


(20) 


In  these  series  x  may  have  any  value,  provided  the  series  converges  adequately. 
The  convergence  may  be  much  improved  by  an  artifice,  ■which,  however,  I  unfortu¬ 
nately  did  not  discover  until  most  of  the  computations  were  completed.  Let  us  add 
and  subtract  log  2x^  on  the  right-hand  side  of  (20). 

Now, 


log^  2x^  =  logv  2  c"  A- 


2  lof 


1  + 


=  log^  2c“ 


+ 


X  —  c 


(x  —  c  f  ,  5,  (x  —  cY 

.2  13  'j 


If,  then,  we  write 


=  Aq  —  log,  2c^  B^  =  A^  — 


^2  —  ^2  + 


2c2 


we  have 


y  =  log,2x"  A- B^A- —  c)  A- B.^{x  —  of  +  .  .  .  ,  .  .  .  (21) 


a  more  convergent  seiies  than  that  with  the  A's. 

The  simplest  way  of  computing  the  ^’s  appears  to  be  by  first  computing  the  A’s. 

The  process  for  obtaining  the  numerical  solution  is  then  as  follows  : — 

We  have  the  values  of  y,  dylclx,  ^cly-jdx^  when  x  — '  8,  that  is  to  say,  of  Aq,  A^,  A2 
when  c  =  8.  From  these  the  successive  N’s  and  B’s  are  computed,  and  the  resulting 
series  gives  the  values  of  y  and  dyjdx  when  a:;  is  5  or  r  =  '2.  Starting  from  this 
point  a  new  series  gives  the  result  when  r  =  ‘3,  another  series  gives  the  values  for 
r  =  '4,  and  so  on.  Later  in  the  calculation  several  values  may  be  computed  from  one 
formula.* 

When  the  computation  has  been  carried  out  to  r  =  a,  we  have  I’eached  the 
spherical  envelope,  but  that  envelope  may  be  replaced  by  another  at  any  more  remote 
distance  from  the  centre.  Thus,  the  integration  may  be  pursued  for  values  of  x  less 
than  unity,  and  when  the  lower  limit  is  zero  the  envelope  is  at  infinity. 

If  we  write 

log  u  =z  B^  A-  B^{x  —  c)  A-  B.2{x  —  c)"  A-  ■  ■  ■  , 


*  If  the  series  be  carried  as  far  as  Rg,  several  steps  may  be  included  in  one  series.  For  example,  the 
first  series,  when  c  =  8,  may  be  pushed  even  as  far  as  r  =  '4  without  serious  error ;  for  it  gives  'j  —  2‘960 
instead  of  the  true  value  2’965,  and  rlyfdx  —  '957,  instead  of  the  trno  value  '944.  I  l)ave  not,  however, 
been  satisfied  with  tliis  dc-gree  of  accurac_7. 
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we  have 


and 


c"'  —  u  . 


%D 


P 


9 


U. 


But  it  may  easily  be  seen  that  2^'a^j9r^  is  a  particular  solution  of  the  problem  ; 
hence,  u  is  a  factor  by  which  the  particular  solution  is  to  be  multiplied  to  obtain  the 
general  solution.  The  function  u  is  given  by 

J- . (22) 


U  —  2  o  — 


1  2 
2^" 


A  table  of  the  values  of  u  is  given  below,  showing  how  the  general  solution  shades 
off  into  the  particular  solution.  This  function,  v,,  is  also  tabulated  by  Ritter,  and  I 
made  use  of  its  value,  when  x  =  1,  to  determine  the  value  of  77,  with  which  the 
integration  is  to.  begin.  I  find,  however  (see  Table  I.),  that,  when  x  =  1,  =  1‘0063, 

in  place  of  1’031,  as  given  by  him. 

The  last  row  in  Table  I.  gives  the  ratio  of  the  central  density  oj  to  iv,  the  density 
at  the  distance  r ;  this  ratio  is  equal  to 


The  following  Table  gives  the  results  of  the  computation,  and  the  suffix  1  is  reintroduced  in  the  several  symbols. 

I. — Table  of  Residts. 
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It  will  be  noticed  tliat  u  rises  from  zero  to  a  maximum  of  about  1‘66,  falls  to  a 
minimum  of  about  ‘82,  and  then  rises  to  unity. 

Since  -5  dyjdx^  =  1  when  x-^  —  1,  we  have  =  l/2'4087  =  -4152. 

M.  Ritter  has  ’41 43  for  this  constant,  which  he  calls  m. 

It  appears  from  the  Table  that  the  density  at  the  centre  is  102-^  times  as  great  as 
that  where  r  —  M.  Ritter’s  solution  is  intended  to  make  that  ratio  exactly  100, 
but  this  solution  shows  that  we  ought  to  have  started  with  a  sliglitly  different  value 
of  7/  to  obtain  that  result. 

In  the  general  solution  of  the  differential  equation  d'hjjdx^  ==  —  eyjx^  the  two 
arbitrary  constants  may  be  taken  to  be  the  values  of  y  and  dyjdx  when  x  is  infinite. 
Now,  we  have  taken  arbitrarily  y=5'329  when  x  is  infinite,  and  the  physical 
conditions  of  the  problem  imply  that  dyjdx  is  zero  when  x  is  infinite.  For  if  dyjdx 
had  any  positive  or  negative  value  different  from  zero,  it  would  mean  that  at  the 
centre  there  was  a  nucleus  of  infinitely  small  dimensions,  but  of  finite  positive  or 
negative  mass.  Now,  cq  is  that  distance  from  the  centre  at  which  the  density  is 
1/102'45  of  the  central  density  ;  hence,  we  may  regard  as  the  arbitrary  constant  of 
the  solution.  Whatever  be  the  elasticity  of  the  gas,  we  may  always  take  as  our  unit 
of  length  that  distance  from  the  centre  of  the  nebula  at  which  the  density  has  fallen 
to  1/102’45  of  its  central  value.  Hence,  the  above  table  gives  the  general  solution  of 
the  problem,  subject,  however,  to  the  condition  that  there  is  no  central  nucleus. 

If  we  view  the  nebula  from  a  very  great  distance,  appears  very  small,  and  thus 
the  solution  of  the  problem  becomes  y  =  log  2a;^.  It  is  easy  to  verify  that  this  is  a 
particular  algebraic  solution  of  the  differential  equation,  as  is  pointed  out  by  Ritter 
in  his  paper. I  found  this  solution  very  useful  in  a  preliminary  consideration  of  the 
problem  treated  in  this  paper. 

The  next  point  which  w^e  have  to  consider  is  the  form  which  the  solution  will  take, 
if,  instead  of  taking  as  the  unit  of  length,  we  take  any  other  value. 

The  density  at  any  distance  and  the  elasticity  are  to  remain  unchanged,  but  are  to 
be  referred  to  new  constants. 

Thus,  tv,  r,  remain  unchanged,  but  are  to  be  referred  to  M,  p,  jSr,  a,  instead  of  to 
Pi’ 

Now,  since  w  remains  unchanged, 

ey  —  ^ 

and,  since  remains  unchanged, 

/->o  o  o  ^ 

p  «  =  Pi  Pi«l  • 

Also 

a  a 

—  —  iXi  * 

*  I  have  made  use  of  this  solution  in  a  paper  in  the  ‘  Proceedings  of  the  Royal  Society,’  Dec.  3,  1883, 
and  it  has  also  been  refeired  to  in  a  paper  by  Sir  W.  Thomson,  ‘Phil.  Mag.,’  vol.  23,  p.  287.  Sir  W. 
Thomson’s  paper  covers  much  the  same  ground  as  some  of  JM.^Ritter’s  eailier  papers,  but  was  written 
by  him  independently  and  in  ignorance  of  them. 
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From  these  relations  it  is  clear  that 

^  =  2/i  -  2  log  J  , 


and 


Then,  since  /3"  dyjdx  =  1,  when  x  =  1,  and  since  dy  —  dy^  and  dx  =  dx^  ajai,  it 
follows  that 

i  ‘'I  =  ? . 

This  relationship  has  been  already  used  for  determining 
It  is  obvious  also  that 

p  dyjjdxj,  when  a\  =  aja 

p^  dyydx^,  when  a;i  =  1 

Therefore, 


tv 


Jr  e^i 


p  x^dyydx-^,  wlieii  x-^^  =  aja 
If  tVQ  be  the  density  when  r  =  a,  we  have 


i  ^  ic’‘.  wpn  r,  =«,;a  =  _  1 .  ^  ^ 

)  x’j  aypaXj  dyydx^ 


If  ^:)q  be  the  pressure  when  r  =  a,  we  have 

19  4-  9  9  "^^0 

i^o  =  3  ^^^0  =  ^rriiay- .  • 

If,  therefore,  we  write  P  =  ^irya^p^, 

p-  sP  ■  P  -  (rhjjd^,y  *'  “  ®1'“- 


(24) 


(25) 


(26) 


By  (26)  we  ai-e  able  to  find  how  the  pressure  on  an  envelope  of  given  radius  a 
varies  with  the  variation  of  the  temperature  of  a  given* mass  M  of  gas  contained  in  it. 
By  means  of  the  formulee  (23),  (25),  (26),  we  are  now  able  to  obtain  from  the  original 
solution  any  number  of  other  ones ;  for,  after  the  changes  have  been  effected  in  the 
notation,  we  may  proceed  to  magnify  or  diminish  all  the  various  values  of  a  until  they 
are  of  one  size,  and  we  shall  thus  obtain  the  solution  for  a  gas  at  any  temperature 
whatever. 

I  shall  now  proceed  to  give  a  table  of  results  when  the  standard  radius  a,  which 
may  be  conveniently  called  the  boundary,  is  placed  successively  infinitely  near  the 
centre,  where  r  =  0  X  a^,  at  r  =.  T  X  a^,  r  =  ‘2  X  and  so  on.  The  first  line  of 
entries  gives  the  various  values  of  (computed  from  (23)),  on  which  the  elasticity 
of  the  gas  depends;  the  second  line  gives  wjp  (computed  from  (25)),  or  the  ratio  of 
MDCCCLXXXTX. — A.  D 
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the  boundary  density  to  the  mean  density  of  all  inside  of  it ;  the  third  line  gives 
Pq/P  (computed  from  (2G)),  by  which  we  trace  the  variations  of  pressure  at  the 
boundary. 

Table  II. 


V alue  of  a.  by  reference  I  ® 
to  former  solution  /  Uj 

= 

0 

■1 

-2 

-3 

-4 

-5 

-6 

-6264 

-7 

-8 

_ 

-103 

r_  1  1 

00 

1-7577 

-6741 

-4826 

-4236 

-4031 

-3974 

-3972 

-3984 

-4027 

/iMj  a 

3P 

 ®i 

Wf, 

r 

-  i-H  d^j/ddxP" 

1-0000 

-8841 

-6838 

-5333 

-4383 

-3791 

-3410 

1 

-3158 

-2986 

P 

dijjdx-^ 

3 

Pnf- 

—  d~y-^ld.rp~ 

00 

4-662 

1-383 

-772 

-557 

-458 

-407 

-397 

-377 

-361 

4^1 

[dijJdx-^P  _ 

Value  of  a  by  reference  1  ^  _ 

to  former  solution  J 

-9 

1-0 

1-25 

1-5 

2-0 

2-5 

3-0 

00 

-ipsf-  1  1 

= 

-4085 

-4152 

-4325 

-449 

-476 

-487 

-497 

1 

2 

p.Mla  ^  L  dy-^jdx^ 

—  d-t/jldxp" 

’2867 

-2785 

-2676 

-264 

-267 

-269 

-273 

1 

P  L  dyjdx-^ 

3 

Pnl"—  —  d-yJdxP' 

= 

-351 

-347 

-347 

-356 

-382 

-392 

•406 

1 

2 

J-^L  {.dy-^ldxj]-  _ 

The  minimum  value  of  Wq! p  occurs  when  aja^  =  1’6  very  nearly,  for,  when 
a/a-^  =  1'4,  1'5,  1’6,  I  find  =  •26521,  ’26437,  ’26425  respectively.*  When 
r/a^  =  1’6,  =  —  *38435  and  dyjdx-^  =  3’5I80.  The  minimum  value  of  pJP 

occurs  when  aja^  =  T1  very  nearly,  for,  when  aja-^  =  I'O,  I’l,  1*2,  I  imd  pJP  =  *3469 
’3455,  ’3462  respectively. 

When  wjp  is  a  minimum,  the  density  at  the  centre  is  381  times  that  at  the 
boundary,  and,  when  p^jP  is  a  minimum,  the  density  at  the  centre  is  1 29  times  that  at 
the  boundary.  M.  Ritter  finds  the  pressure  to  be  a  minimum  when  this  ratio  is  258, 
instead  of  129.  As  this  corresponds  to  =  1 ’5,  this  discrepancy  between  our 
solutions  is  not  so  large  as  might  be  expected  from  the  great  discrepancy  between 
these  results,  and  I  cannot  but  think  that  my  result  is  more  accurate  than  his. 

The  minimum  value  of  -g- /3”  occurs  when  aja^  —  ’6264,  and  its  value  is  ’39723. 
This  value  makes  the  surface  density  exactly  one-thh’d  of  the  mean  density,  for  is  a 
minimum  when  x-^  dijpdx-^  is  a  maximum,  and  this  occurs  when  xpPyJdx^  fi-  dyjdx-^  —  0 ; 
and,  when  tliis  relationship  is  satisfied,  w^jp  = 

It  is  interesting  to  note  that  in  this  case  /3^  is  very  nearly  equal  to  so  that  the 

*  Ml’.  Hill  finds  tliat  the  minimum  value  of  w^jp  approximates  to  yy,  or  ■26G7.  The  agreement 
between  our  results  is  satisfactory. 
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total  internal  kinetic  energy  of  agitation  of  the  sphere  of  gas  at  minimum  temperatui'e 
limited  by  the  radius  a  is  ■§  jjiM/a)  M  =  ^  very  nearly.  Now,  the  energy 

lost  in  the  concentration  of  a  homogeneous  sphere  M  from  a  condition  of  infinite 
dispersion  is  exactly  f  yiM^ja,  It  might,  therefore,  be  suspected  that  •39723  is  only  an 
approximation  to  -f,  which  may  be  the  rigorous  value.  But  my  numerical  calculations 
were  carried  out  with  so  much  care  that  I  find  it  almost  impossible  to  believe  that 
there  is  an  error  as  large  as  3  in  the  third  place  of  decimals,  or,  indeed,  any  error  at 
all  in  the  third  figure.  Moreover,  it  would  be  expected  that,  if  this  very  simple 
relationship  is  rigorously  correct,  it  would  be  possible  to  prove  it  rigorously,  just  as 
it  is  rigorously  shown  above  that  ivjp  =  ;  but  I  am  unable  to  find  any  analytical 

relationships  by  which  the  minimum  value  of  yS®  can  be  deduced.  If  my  arithmetical 
process  be  correctly  carried  out,  then  we  ought  to  find  that,  when  r  =  ’6204,  dyjdx-^ 
should  be  equal  to  —  x^  d'^yjdx-^  or  e^^lx^.  Now,  I  find  that,  when  r  =  '6264, 
1‘57703  and  e^'-jx^  =  1‘5770,  so  that  the  two  agree  to  four  places  of 
decimals.  I  conclude,  therefore,  that  the  true  minimum  of  ^  is  •3972.* 

It  will  be  observed  that,  as  a/cq  increases  to  infinity,  y8^  terminates  by  being  equal 
to  4.  M.  Ritter  has  found  that  it  rises  above  and  oscillates  about  that  value  an 
indefinite  number  of  times  with  diminishing  amplitude,  gradually  settling  down  to  ^ 
as  a/a^  becomes  infinite.  The  values  in  the  preceding  table  are  not,  however,  carried 
far  enough  to  exhibit  these  oscillations  of  A  consequence  of  this  result  is  that 

there  are  a  number  of  modes  of  equilibrium  of  a  gas  at  a  given  temperature,  provided 
that  the  temperature  lies  within  certain  narrow  limits.  This  very  remarkable 
conclusion  is  rendered  more  intelligible  by  Mr.  Hill’s  treatment  than  by  M.  Ritter’s. 

This  point  has,  however,  no  bearing  on  the  present  investigation. 

In  any  one  of  the  solutions  comprised  in  Table  II.  we  may  complete  the  table  of 
densities  by  the  formula  (24),  viz., 

W 

p  dydclx-^  (q  =  ay  a)  ’ 

and  I  shall  later  proceed  to  do  this  in  the  one  case  which  has  interest  for  our  present 
problem,  namely,  where  the  temperature  is  a  minimum,  so  that  a/a^  is  •6264,  The  full 
numerical  results  may  be  more  conveniently  given  hereafter,  and  it  will  only  be  now 
necessary  to  indicate  how  they  are  to  be  computed. 

When,  for  example,  r=  •!  X  a-^,  rla=  •l/^6264  =  •1596;  thus,  our  equidistant  values 
of  the  density  and  other  functions  will  proceed  by  multiples  of  ^1596  a  up  to  ^9578  a, 
and  the  limit  of  the  isothermal  sphere  is  where  r  =  a. 

When  the  temperature  is  a  minimum  ^  —  ^39723,  and  we  have  =  Yp  ;  there¬ 

fore,  ivjiVQ  =  wl\  p,  and,  therefore,  if  y^^Q  be  the  value  of  y^,  when  r  =  *6264 

*  This  is  confirmed  by  Mr.  Hill.  His  equation  s  =  z  is  equivalent  to  x-y  dry-^jdxy  +  x-^  dy^dx-^  =  0,  and 
it  appears  from  his  tables  that  s  ■=  z  —  2'517.  Now,  s  =  3/yd-,  and  the  reciprocal  of  2’5]7  is  '397. 
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wl\  p  =  Tims,  for  example,  at  the  centre,  p  is  32-14,  and  when 

r  =  -4789  a  it  is  5-7417. 

The  proportion  of  the  mass  M  which  is  included  in  radius  ajx  is  ^  dijjdx 
=  dyja  dx^  —  dyjdx^.  Hence,  the  masses  may  be  computed. 

A.t  any  part  of  the  isothermal  sphere  gravity  g  is  to  be  found  from 


or,  expressing  g  in  terms  of  G  gravity  at  the  surface,  we  have,  since  G  =  gMla\ 


£ 

G 


(27) 


The  angular  velocity  of  a  body  moving  in  a  circular  orbit  at  any  part  of  the  nebula, 
and  its  linear  velocity  v  are  also  easily  to  be  found. 


5.  On  an  Atmosphere  in  Convective  Equilihriiiin. 


I  shall  now  suppose  that  a  sphere  of  gas  of  mass  M  at  minimum  temperature  is 
bounded  by  an  atmosphere  in  convective  equilibrium,  with  continuity  of  temperature 
and  density  at  the  sphere  of  discontinuity  of  radius  a.  Let  Vq  be  the  mean  square 
of  velocity  of  agitation  in  the  isothermal  sphere,  and  that  at  any  other  radius  r. 
Then  throughout  the  isothermal  sphere  —  Vq,  but  in  the  layer  outside  gradually 
decreases  to  zero. 

Let  Wy  be  the  density  and  p)Q  fhe  pressure  at  radius  a,  and  lo,  p  the  same  things  at 
radius  r. 

Then,  if  the  ratio  of  the  two  specific  heats  be  that  deduced  from  the  simj)le  kinetic 
theory  of  gases,  without  any  allowance  for  intra-molecular  vibrations,  we  have  that 
ratio  equal  to  -f. 

Hence, 


and 


V 


also 


1  0  _  _  1  0 


vj  V 


Wr 


dp 

w 


A 

3 


—1  w  “  d'W 

wy 


d 


Now,  the  equation  for  the  hydrostatic  equilibrium  of  the  laj'er  is 


+  /rdifi-  477/X 

w  dr  '  ' 


lor"  dr  =  0. 


(28) 
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Let 


and  vve  have 


a 


dj) 
IV  dr 


_  _5 


3  3/x7If  /x-^  .  1-1 

iTTfjLcr  = - =  — ,  since  ivq  =  ^  p  rigorously, 


M 


w, 


Vq^CI 


Hence,  our  equation  is 


(29) 


It  is  obvious  the  f  /3^  M  dzjdx  is  the  whole  mass  (expressed  in  terms  of  the  mass  of 
the  isothermal  sphere)  enclosed  inside  of  radius  a/x.  The  differential  equation  to  be 
satisfied  is 


A 

6 


(30) 


We  have  seen  in  the  last  section  that  ^  =  '39723,  and,  hence,  |/3"  =  '99308 . 

This  equation  is  not  so  easy  to  solve  as  that  in  the  last  section,  and  I  have  not 
succeeded  in  finding  the  general  law  of  the  coefficients  in  an  expansion.  Nevertheless 
it  is  easy  to  find  a  series  which  will  do  all  that  is  required. 

Let  c  be  any  value  of  x  for  which  we  know  2  and  dzjdx,  and  let 


Assume 


^  =  X  —  c. 

2  =  2o  {1  +  +  ^2^^  +  ^3^'^  +  ...]. 


Then,  if  the  suffix  0  indicates  the  value  of  a  symbol  when  x 
have 


c  and  ^  =  0,  we 


But 


2 


0> 


2^2^0‘ 


5/8-  d  ’ 


0 
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and 


6  V  or  A  ^  ^ 

5yS3  ■  ^  5^3  ’ 


so  that,  if  Zq  and  [dz/dx)Q  are  known,  is  known. 

The  differential  equation  (30)  which  we  have  to  satisfy  is 


=  -z\ 
or 

A,  Y  ^  /  cip  "  \\l  ■ 

Now,  by  expansion. 


2  (^J  =  2  +  +S[^,+  P  +  3  [.4,  +  4-4D.  -  f 

“  +SlA,  +  i  (A, A,  +  iA/)  -  iA,U,  +  A^i*]  f‘ 

+  3  [^5  +  i  3)  —  }  (A^-Aq  +  ~  T2A^1^] 

+  3  [Aq  +  ^  (A^A^  +  A^A^  +  ^Ag^)  —  g-  (A^^A^  +  2AjA2Ag  +  ^A^^) 

+  i4-  (A,^Ag  +  §A,^A./)  -  rhA^A^  + 

+  3  [A^  +  ^(A^Ag-j-  A^Ag-j-AgA^)  —  ^(Aj^^AgA-^Aj^A^A^-i-A^Ag^A-  A^^Ag) 
4"  TA  (Ai^A^  +  SA^^A^Ag  +  Aj^A^^)  —  xIf  (Ai^Ag  +  2^4 
+  2io^l^^2-T*4A']F+ . (31) 

And 


^^'+‘TiY»("/"»>=2  +  (3-2z  +  f2.l)f+(4.3.4‘  +  h3.2'^  +  5.2.l)f 


A, 


A, 


A^ 


+  0-4i:  +  f4-3i;  +  ,1.3.2^’+i.2.l)f3 

+  (6.5^-«+i.5.4^;  +  ^i4.3^*+4.3.2;^  +  i.2.l)f* 


A, 


A 

A. 


4  „  .  yR  .  6  _  .  Hj  ,  4  ^  ^  A,  ,  1  ^ 


+ . (32) 


By  equating  the  coefficients  in  (31)  and  (32)  we  are  able  to  determine  the  A’s.  The 
law  of  the  series  (32)  is  obvious,  and  sufficient  of  the  series  (31)  is  written  down  to 
enable  us  to  find.y4g.  We  can,  however,  obtain  a  good  approximation  to  higher 
coefficients,  because  the  coefficients  in  (31)  become  relatively  unimportant. 
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We  now  begin  the  solution  with 

^  *»  =  !■  (I)„  = 


-  1-0070. 


Hence, 

Hi  =  1-0070,  -^2  =  —  ‘5035, 

whence  I  compute 

^3=  + -41782,  ^4=- -30068,  A^= -16175,  H6=--0130G,  H7=--1333, 


Hg  —  -f  -266,  Ag  — 

-  -378, 

^10  — 

+  '48,  Hii  =  — 

-6. 

With  these  coefficients  I  find 

r  _  12  12 

1  2 

lA 

12. 

1 

a  "■  TT  ’  To  ? 

9  ’ 

8  9 

1  > 

..  .  (33) 

2  =  -9123  -8160 

-7089 

-5887 

-4525 

-2982 

Then,  evaluating  x  ^2%  and  combining  the 

several  values  by  the 

rules  for  integration 

of  the  calculus  of  finite  differences, 

I  find 

^  12  1  '> 

1  2 

1  2 

1  2 

..  1 

To. 

9  . 

8  > 

7  > 

6 

1 

(7v 

h-  ■  (34) 

=  1-21 

1-35 

1-527 

1-729 

1-9513  1 

When  r  —  2,  we  begin  a  new  series  with 


c  = 


1 

2  J 


=  -2982  , 


A 

\5;  cIxJq 


/  1  dh\  _  —  ^0*  _ 


1-9513 

•9907  X  -2982 
4-3686. 


-j-  6-5894 , 


From  these  I  compute  =  —  2-744  ,  A^  =  -}-  21-365  ,  Hg  =  —  45-409  , 
Hg=+  9-932,  H7  =  +-319. 

It  appears  that  z  vanishes  when  x  —  c  =  — -141  or  x  =  -359. 

It  follows,  therefore,  that  four  equidistant  values  of  x  lying  between  r  =  2a  and 
r  —  a/-359  =  2-786  a  cori-espond  to  a;  —  c  =  0,  x  ~  c  ~  —  -047,  x  —  c  =  —  -094, 
X  —  c  —  —  -141. 

For  the  first  of  these,  where  r  =  2  a,  we  have  2  =  ‘2982,  and  for  the  last,  where 
r  =  2-786  a,  2=0;  and,  when  x  —  c  —  —  -047,  or  r  =  «/-453  =  2-208  a,  I  find 
2  =  -2031  ;  and,  when  x  —  c  =  -094,  or  r  =  aJ'iOG  =  2-463  a,  I  find  2  =  -1033. 
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Finding  x  ‘^7}  for  these  four  values  and  combining  them  bj  the  rules  of  integration, 
I  find 


_  2-1767,  when  2-786  a . (35) 

CtoO 


We  thus  see  that  the  mass  of  the  whole  system  is  2-1767  times  the  mass  of  the 
isothermal  nucleus,  and  its  radius  is  2-786  times  the  radius  of  the  nucleus. 

The  mass  of  the  isothermal  nucleus  is  thus  46  per  cent,  of  the  whole.  M.  Fitter, 
taking  the  ratio  of  the  specific  heats  as  instead  of  f,  says  that  the  proportion  is 
about  40  per  cent. 


§  6.  On  a  Gaseous  Sphere  in  “  Isothermal-Adiabatic”  Equilibrium. 

M.  Fitter  calls  a  sphere,  with  isothermal  nucleus  and  a  layer  in  convective 
equilibrium  above  it,  a  case  of  isothermal-adiabatic  equilibrium.  Since  the  height  of 
an  atmosphere  in  convective  equilibrium  depends  only  on  the  temperature  at  the  base, 
and  since  the  isothermal  nucleus  in  our  numerical  example  is  at  minimum  temperature, 
the  thickness  of  the  adiabatic  layer  is  a  minimum,  and  the  isothermal  nucleus  a 
maximum. 

We  are  now  in  a  position  to  collect  together  all  the  numerical  results  of  the  last 
two  sections  in  a  form  appropriate  for  our  subsequent  investigation.  It  will  be 
convenient  to  refer  all  the  densities  and  masses  to  the  roean  density  and  mass  of  the 
isothermal  nucleus.  Gravity  may  also  be  referred  to  gravity  G  at  the  limit  of  the 
isothermal  nucleus,  and  velocity  to  v^,  the  mean  square  of  velocity  of  agitation  in  the 
isothermal  nucleus. 


Table  III. — Isothermal- Adiabatic  Sphere. 
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§  7.  On  the  Kinetic  Energy  of  Agitation  and  its  Distribution  in  an  Isothermcd- 

Adiabatic  Sphei'e  of  Gas. 


We  shall  now  consider  what  would  be  the  distribution  of  kinetic  energy  in  the 
nebula  if  each  meteorite  (or  molecule)  were  to  fall  from  infinity  to  the  neighbourhood 
where  we  find  it,  and  were  to  retain  that  energy  afterwards.  This  will  give  the  dis¬ 
tribution  of  energy  in  a  swarm  of  the  supposed  arrangement  of  density,  if  the  rate  of 
diffusion  of  kinetic  energy  were  to  be  infinitely  slow,  and  if  there  were  no  loss  of  energy 
through  imperfect  elasticity. 

The  square  of  the  velocity  of  a  satellite  in  a  circular  orbit  is  one  half  of  the  square 
of  the  velocity  acquired  by  the  fall  from  infinity  to  the  distance  of  the  satellite  from 
the  centre.  If  the  concentration  has  proceeded  as  far  as  radius  r,  and  if  a  meteorite 
falls  from  infinity  to  distance  r,  then,  if  U  be  its  velocity,  and  v  the  velocity  in  a 
circular  orbit  at  distance  r. 


1  jn 


o 


fxM  dy 


X 


dtXj 


1. 

3 


vfx 


cG 

dx’ 


in  the  isothermal  sphere, 


=  -f  .  a;  ^  =  -f  vfx  y  ,  in  the  adiabatic  layer. 

CC  CtCG 


dx' 


In  these  formulae,  by  the  definitions  of  y  and  2:, 

y  —  lorn  (  ^  )  in  the  first,  and  2  =  in  fb©  second. 

From  these  formulae  a”  was  computed  in  Table  III.  The  value  of  or  ^U~  gives 
what  may  be  called  the  theoretical  value  of  the  kinetic  energy,  because  it  gives  us  a 
measure  of  the  amount  of  redistribution  of  energy  by  diftusion  and  loss  of  energy 
by  imperfect  elasticity,  which  must  take  place  before  the  whole  system  can  assume  the 
form  of  an  isothermal  adiabatic  sphere. 

We  will  now  go  on  to  consider  the  total  potential  energy  lost  in  condensation. 

We  have  seen  that  the  potential  energy  lost  by  the  fall  of  a  single  meteorite  is 
\vqX  dyjdx  in  the  isothermal  part,  and  §V(fx  dzjdx  in  the  outer  part. 

Now,  in  the  isothermal  part  a  spherical  element  of  mass  is 


dx, 


and  the  energy  lost  by  its  fall  is 


dx  dx~ 
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Hence,  the  whole  energy  lost  in  the  concentration  of  the  isothermal  nucleus  is 
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f  X  ??  dx. 


dx  dx^ 


But 


=  3  (f'A  - 

\c^7o 

_  9  '  9  ^0 


Hence,  the  energy  lost  is  Mv^  isothermal  S23here  of  minimum 

temperature  =  ^p,  and  thus  the  total  lost  energy  is  ^Mvq^. 

Again,  in  the  adiabatic  layer  an  element  of  mass  is 


and,  therefore,  the  energy  lost  by  its  fall  from  infinity  is 

S-Mv  2  _  rlT 

and  the  whole  loss  of  energy  is  the  integral  of  this  from  x  =  1  to  a;  =  ‘359.  When 
X  =  1,  2  =  1)  and  when  x  =  ‘359,  2;  =  0.  Hence 


rl  A 
■L 


•359 


■359 


Thus,  the  whole  energy  lost  in  the  adiabatic  layer  is 


dfy„ 


h+ 


■359 


Add  this  to  the  energy  found  before  for  the  isothermal  part,  and  the  whole  lost 
energy  of  the  system  is  found  to  be 


1 


+r 

-359 


dx 


(36) 


N  9w  let  us  evaluate  the  total  kinetic  energy  existing  in  the  form  of  agitation  of 
molecules. 
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In  the  isothei’mal  part  it  is  clearly  In  the  adiabatic  part  it  is  half  the 

element  of  mass  into  the  square  of  velocity  of  agitation  integrated  through  the  layer, 

that  is  to  say,  ^ .  M~,  dx  X  'o^,  and,  since  z  =  —  ,  we  have 

1  Ml)  2 


for  the  total  internal  kinetic  energy  of  agitation.  This  is  rigorously  onedialf  of  the 
energy  lost  in  concentration. 

Hence,  if  a  meteor  swarm  concentrates  into  this  arrangement  of  density,  one  half  of 
the  original  energy  is  occupied  in  vaporising  and  heating  parts  of  the  meteorites  on 
imjDact,  and  the  other  half  is  retained  as  kinetic  energy  of  agitation. 

I  find  by  quadrature  that  —^dx=  '64:3.  Hence,  the  potential  energy  lost  in 

J  -359  * 


concentration  is  (1 ‘643),  and  that  part  of  it  which  is  retained  as  energy  of 
agitation  is  \Mvq  {\'643).  The  whole  mass  of  the  system  is  2T767  M,  and  we  may, 
therefore,  write  these 


■7548  (2-1767  M)  V  and  \  X  '7548  (2-1767  M) 


It  is  clear  then  tliat  the  average  mean  square  of  velocity  of  agitation  of  the  tvhole 
system  is  -7548  Vq.'‘'  Or,  shortly,  the  average  temperature  is  very  nearly  f  of  the 
temperature  of  the  isothermal  nucleus. 

It  follows  from  this  whole  investigation  that  for  any  given  mass  of  matter,  arranged 
in  an  isothermal-adiabatic  sphere  of  given  dimensions,  the  actual  velocities  of  agitation 
are  determinable  throughout. 


§  8.  On  the  “  Sj^here  of  Action.” 

When  two  meteorites  pass  near  to  one  another,  each  will  be  deflected  from  its 
straight  path  by  the  atti'action  of  the  other.  The  question  arises  as  to  whether  the 
amount  of  such  deflection  can  be  so  great  that  the  passage  of  two  meteorites  near  to 
one  another  ought  to  be  estimated  as  an  encounter  in  the  kinetic  theory. 

We  shall  now,  therefore,  find  the  deflection  of  two  meteorites,  moving  with  the 
mean  relative  velocity,  when  they  pass  so  close  as  just  to  graze  one  another. 

The  mean  square  of  relative  velocity  in  the  isothermal  portion  is  2v^q,  and  this  may 
be  taken  as  the  square  of  the  velocity  at  infinity  in  the  relative  hyperbola  described 
The  angle  between  the  asymptotes  of  the  hyperbola  is  the  deflection  due  to  this  sort 
of  encounter. 

Let  a,  e  be  the  semi-axis  and  eccentricity  of  the  hyperbola.  Then,  if  e  be  large,  the 

*  M.  Ritter  gives  '741  in  place  of  '755,  but,  as  already  remarked,  be  uses  a  different  value  for  the 
ratio  of  tlie  specific  beats. 
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angle  between  the  asymptotes  is  1/e;  and,  if  I-.?  be  the  radius  of  either  meteorite, 
the  pericentral  distance  (when  they  graze)  is  s.  Therefore, 


By  the  law  of  central  orbits 
Therefore, 


1). 


2 


fjbin 

a. 


e 


jxm 


-f-  1. 


But,  since  ixMja,  we  have 


e 


+  1. 


The  unity  on  the  right-hand  side  is  negligible,  and,  since  ISO/ire  is  the  deflection  in 
degrees,  that  deflection  is 


180  ona 
27r/3-  dfs 


degrees. 


Now,  if  8  be  the  density  of  the  body  of  a  meteorite,  m  =  and,  therefore,  this 

expression  becomes 


Sa.^ 

/3-  ^  M' 


Let  us  find  what  s  must  be  if  the  deflection  is  1 0“ ;  we  have 


We  may,  for  a  rough  evaluation,  take  ^  as  unity  instead  of  \/6/5,  and  suppose  a  to 
be  equal  to  the  distance  of  Neptune  from  the  Sun  (viz.,  4 ‘5  X  10^^  cm.),  and,  as  a 
very  high  estimate  of  the  value  of  8,  let  us  suppose  the  density  of  a  meteorite  is  10. 
Then,  since  the  Sun,  My  =2X10®®  grammes,  and  M  is  about  a  half  of  the  Sun’s 
mass,  we  have 

_  r  2  X  10=^^ 

^  3  X  4-0  X  10^^  X  10 


=  (15  X  10^®)*  =  4  X  10®. 


Hence,  m  =  ^7r8s®  =  ^tt  X  lOX  64  X  10^  =3  X  10^®  grammes,  in  round  numbers. 

But  the  Earth’s  mass  is  6  X  10^'^  grammes,  and  therefore  the  meteorites  are  one- 
twentieth  of  the  mass  of  the  Earth. 

It  follows,  therefore,  that,  with  such  small  masses  as  those  with  which  the  present 
theory  deals,  the  deflection  due  to  gravity  is  insensible,  and  we  need  only  estimate 
actual  impacts  as  encounters. 

Hence,  the  radius  of  the  sphere  of  action  of  a  meteorite  is  identical  with  the 
diameter  of  its  body. 
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9.  On  the  Criterion  for  the  A^jAicahility  of  Hydrodynamics  to  a  Swarm  of  Meteorites. 


The  question  at  issue  is  to  determine  within  what  limits  the  quasi-gas  formed  by  a 
swarm  of  colliding  meteorites  may  be  treated  as  a  plenum,  subject  to  the  laws  of 
hydi’odynamics.  The  doctrines  of  the  nebular  hypothesis  depend  on  the  stability  of 
a  rotating  mass  of  fluid,  and  that  stability  depends  on  the  frequencies  of  its  gravita¬ 
tional  oscillations.  Now  the  works  of  Poincare  and  others  seem  to  show  that 
instability,  at  least  in  a  homogeneous  fluid,  first  arises  from  one  of  the  graver  modes 
of  oscillation,  and  the  period  of  the  gravest  mode  does  not  difler  much  from  the 
period  of  a  satellite  grazing  the  surface  of  the  mass  of  fluid.  Then,  in  order  that 
hydrodynamical  treatment  should  be  applicable  for  the  discussion  of  such  questions  of 
stability,  the  mean  free  time  between  collisions  must  be  small  compared  with  the 
period  of  such  a^  satellite.  Another  way  of  stating  this  is  that  the  mean  free  path  of 
a  meteorite  shall  be  but  little  curved,  and  that  the  velocity  of  a  meteorite  shall  be  but 
little  changed  by  gravity  in  the  interval  between  two  collisions.  This  must  be  fulfilled 
not  only  at  the  limits  of  the  swarm,  but  at  every  point  of  it.  The  condition  above 
stated  will  be  satisfied  if  the  space  through  which  a  meteorite  falls  from  rest,  at  any 
part  of  the  swarm,  in  the  mean  interval  between  collisions  is  small  compared  with  the 
mean  free  path.  If  this  criterion  is  fulfilled,  then,  in  most  respects  which  we  are 
likely  to  discuss,  the  swarm  will  behave  like  a  gas,  and  we  must  at  present  confine 
the  consideration  of  the  matter  to  this  general  criterion. 

It  would  be  laborious  to  determine  exactly  the  space  fallen  through  from  rest, 
because  gravity  varies  as  the  meteorite  falls,  but  a  sufficiently  close  approximation 
may  be  found  by  taking  gravity  constant  throughout  the  fall  and  equal  to  its  value  at 
the  point  from  which  the  meteorite  starts. 

We  have  already  denoted  by  g  tlie  value  of  gravity  at  any  part  of  the  swarm,  and 
have  tabulated  it  in  Table  III.  in  terms  of  G  or  yuMja^. 

Now  the  mean  interval  is  T  =  Lfr^SlSir).  Hence,  if  D  be  the  distance  fallen  in 


this  time. 
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(37) 


The  factor  F-^  has  been  tabulated  above  in  Table  III.,  and  it  increases  from  the 
centre  to  the  outside. 

This  criterion  may  be  regarded  from  another  point  of  view,  for,  if  the  meteorite  be 
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describinof  a  circular  orbit  about  the  centre  of  the  swarm,  D  is  the  deflection  from 
the  straight  path  in  the  mean  interval  between  two  collisions.  Then  the  criterion  is 
that  the  deflection  shall  be  small  compared  with  the  mean  free  path. 

We  may  consider  the  criterion  from  again  another  point  of  view,  and  state  that 
the  arc  of  circular  orbit  described  in  the  mean  interval  shall  be  a  small  fraction  of 
the  whole  circumference. 

The  linear  velocity  v  in  the  circular  orbit  is  given  by 


V 


2 


a 


Tn!_.  I . 

G 


And  the  mean  interval  T  ~  Ll\y  S/Stt].  Hence,  if  A  be  the  arc  described  with 
velocity  v  in  time  T, 


8^3 


I?  n  ,  .  Stt 

•  -  nearly,  since  — , 

v'/ry-  Gx,  8/3" 


•988. 


But  the  whole  arc  of  circumference  C  is  ^TTajx. 

Therefore, 

A  Z  1  [_glG']i 
C  2a  IT  v/Vq 

_  /  m  J 1  [glG]ix^  1  _  I  m  „ 

2a  M  A  [tt  [r/rj  [w/ip]  J  2a  M  s~ 


(38) 


The  factor  F.^  has  been  tabulated  above,  in  Table  III. 


§  10.  On  the  Densittj  of  Meteorites  and  Numerical  Ai)'plication, 

It  is  necessary  to  make  assumptions  both  as  to  the  mass  and  the  density  of  the 
meteorites.  We  have  a  right  to  assume,  I  think,  that  the  density  8  is  a  little  less 
than  that  of  iron,  say  about  6,  and  we  may  put  f  ttS  equal  to  25,  Then  we  have 

m  =  and  —  =  \-s. 

There  is  but  little  information  about  the  average  size  of  meteorites  ;  but,  if  we  retain 
the  symbol  s,  it  will  be  easy,  by  merely  shifting  the  decimal  point  in  the  final  results, 
to  obtain  results  for  all  sizes.  Thus,  if  s  =  1  cm.,  m  =  3;g-  grammes  ;  if  5  =  10  cm., 
m  =  3^  kilogrammes;  if  s  =  100  cm.,  m  =  3^  tonnes,  and  if  =  1000  cm., 
m  =  3125  tonnes.  I  shall,  therefore,  keep  s  in  the  analytical  formulse,  and  put  it 
equal  to  unity  in  the  numerical  results. 

In  the  first  place,  making  no  assumptions  as  to  the  density  or  masses  of  the 
meteorites,  we  have 

=  2-1767  X  M,  i/3"  =  -39723. 
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Then,  by  substitution  in  (10)  and  (11),  we  have 


We  will  now  apply  this  solution  to  a  case  which  will  put  the  theory  to  a  severe 
test.  Suppose  that  the  limit  of  the  sphere  of  uniformly  distributed  energy  of 
agitation  is  nearly  as  far  as  the  planet  Uranus,  so  that,  say  a  =  IQcIq.  Then  the 
extreme  limit  of  the  swarm  is  at  44^ao  j  orbit  of  the  planet  Neptune  is  at 

30ao,  so  that  the  limit  is  further  beyond  Neptune  than  Saturn  is  from  the  Sun. 

Now,  if  ala^  =  16,  I  find 

u  =  10®'®®^^'^  cm.  per  sec. 

_  io'18795(-(^  pg5_.  annum, 

T  =  10'^''^®®°®  seconds 

_  ]^q6-96899-10  ygai’S 

Introducing  these  values  in  (39)  and  putting  -^s  for  I  find 

V  =  iTllrtQ  per  annum  =  5 ’374  kilom.  per  sec.  ^ 

lO^-roio-io 

Co  [wllp] 

T  =  107-=^325-10  X  f— 

[vjv^]  [wllp] 

R  =  1 06-4^9 

X/ 

Now  we  have  in  Table  III.  the  logarithms  of  the  several  factors,  which  occur  last  in 
these  formulae  (41),  at  various  distances  from  the  centre. 

It  win  suffice  for  our  purpose  only  to  take  every  other  value  from  Table  III.  The 
distances  from  the  centre  are  expressed  in  terms  of  the  astronomical  unit  distance, 
viz.,  the  Earth’s  mean  distance  from  the  Sun.  The  mean  free  path  is  expressed  both 
in  ihe  same  unit  and  in  kilometres  ;  and  the  mean  intervals  between  collisions  in 
days.  The  criteria  DjL  and  AjC  are,  of  course,  pure  numbers.  Table  IV.,  as  it 
stands,  is  applicable  to  meteorites  weighing  3-|  grammes,  bat  by  shifting  the  decimal 
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point  one  place  to  the  right  in  the  last  four  rows  of  entries  it  becomes  kilogrammes, 
one  more  and  it  becomes  tonnes,  and  another,  thousands  of  tonnes,  and  so  on. 

IV. — ^Table  of  Results. 


The  meteorites  weigh  3-|-  grammes,  and  have  the  density  of  iron.  The  swarm 
extends  to  ag  being  Earth’s  distance  from  Sun. 


Distance  from  1  r  _ 
centre  i  Oq  ~ 

Sun. 

Asteroids. 

Saturn. 

16 

Urauus. 

24 

Xeptune. 

44i| 

0 

2-55 

7-66 

12-77 

19-2 

32 

Velocity  of  mean  j 
square  in  kilo-  = 

metres  per  sec.  J 

5-37 

5-37 

5-37 

5-37 

5-37 

4-85 

41 2 

2-93 

0 

Mean  free  patli,  —  = 
«o 

L  kilom.  = 

•00028 

41,600 

•00038 

57.000 

•00157 

233,000 

•00511 

760,000 

•00900 

1,340,000 

■0122 

1,810,000 

•0199 

2,960,000 

■0552 

8,210,000 

00 

GO 

Mean  free  time,  1  y _ 

in  days  J 

•097 

•133 

•545 

1-78 

313 

4-70 

9-02 

35-17 

1 

Criterion,  ~  — 
L 

•0000167 

•0000832 

•000195 

•000278 

•000387 

•000709 

•00279 

GO 

A 

Criterion,  —  = 

a 

1 

•0000113 

•0000295 

-0000633 

•0000895 

•000111 

•000174 

•000497 

00 

The  incidence  of  the  several  planets  in  the  scale  of  distance  is  roughly  indicated  by 
the  names  written  above. 

The  criteria  show  that,  if  the  meteorites  weigh  3|-  kilogrammes,  the  collisions  are 
frequent  enough,  even  beyond  the  orbit  of  Neptune,  to  allow  the  kinetic  theory  of 
gases  to  be  applicable  for  such  problems  as  are  in  contemplation.  For,  when  rja  =  32, 
the  two  criteria  (with  decimal  point  shifted  one  place  to  the  right)  are  ’028  and  '005, 
both  small  fractions.  But,  if  the  meteorites  weigh  3|  tonnes,  the  criteria  cease  to  he 
very  small,  about  r/a  =  24.  If  they  weigh  3125  tonnes,  the  applicability  will  cease 
somewhat  beyond  where  the  asteroids  now  are. 

I  conclude,  then,  from  this  discussion  that  we  are  justified  in  applying  hydro- 
dynamical  treatment  to  a  swarm  of  meteorites  from  which  the  solar  system  originated, 
even  in  the  earliest  stages  of  the  history  of  the  swarm. 

This  discussion  has,  of  course,  no  bearing  on  the  fundamental  hypothesis  that 
meteorites  can  glance  from  one  another  on  impact  with  a  virtually  high  degree  of 
elasticity;  nor  does  it  do  anything  to  justify  the  assumption  that  a  swarm  wall  consist 
approximately  of  a  quasi-isothermal  nucleus  with  a  quasi-adiabatic  layer  over  it. 
This  latter  assumption  I  have  been  led  to  the  considerations  to  which  -we  now  pass. 
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§  11.  On  the  Diffusion  of  Kinetic  Energy  and  on  the  Viscosity. 

Ill  order  to  discuss  these  questions,  it  will  be  well  to  begin  with  a  simple  case  of 
fluid  motion. 

Consider  two-dimensional  motion,  in  which  there  are  a  number  of  streams  of  equal 
breadth  moving  parallel  to  y  with  velocity  V,  and,  interpolated  between  them,  let 
there  be  strata  of  quiescent  fluid ;  suppose  then  that  we  wish  to  find  the  motion  at 
any  time  after  this  initial  state.  Let  the  boundaries  of  the  streams  V  be  from  x  =  ml 
to  ^  (2711  +  1)  /.  Then,  if  u  be  the  velocity  at  x,  parallel  to  y  at  time  t,  and  v  the 
kinetic  modulus  of  viscosity,  the  equation  of  motion  is 

dto  d~to 

dt  dx~ 

The  solution  of  this  being  of  the  form  cos  jiai,  the  complete  solution  satisfying  the 
initial  condition  is— 


2V 


e  cos 


_  I  cog  +  A 

I  I 


blTX 


cos 


Now,  if  we  refer  time  to  a  period  r,  where  r  =  then  after  a  time  6t,  which  is 

greater  than  r,  the  solution  is  sensibly 


1  T/  I  1  I  ^ 

w  =  ^  K  1  +  —  COS  — 
Tree  I 


It  is  clear  that  the  maximum  of  u  occurs  when  a:  =  0,  and  the  minimum  when  x  =  /, 
and  that  they  are 


I 


1 


Hence,  the  difference  betwmen  the  maximum  and  minimum  is  4F/7re^  Therefore, 
the  ratio  of  the  greatest  difierence  of  velocities  after  time  6t  to  the  initial  difference  of 
velocities  is  4/7re^  When  6  is  1,  2,  3,  tins  ratio  assumes  the  values  1/2T35,  l/5'804, 
1/15'73  respectively.  Thus,  after  three  times  the  inteiwal  r,  the  difference  of  velocities 
is  small.  The  time  t  may  be  therefore  taken  as  a  convenient  measure  of  viscosity. 

In  our  problem  the  streams  must  be  taken  of  a  width  comparable  with  the  linear 
dimensions  of  the  solar  system.  I  therefore  take  I,  the  width  of  the  streams,  as  equal 
to  ttg,  the  Earth’s  distance  from  the  Sun,  and  we  have 


7r~v 


Now’,  according  to  the  kinetic  theory  of  gases,  the  kinetic  modulus  of  viscosity  is 
I/tt  into  the  mean  free  path  multiplied  by  the  mean  velocity.  Hence, 
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Hence,  we  have 


If  we  apply  this  formula  to  the  solution  which  has  been  already  found  in  Table  IV., 
we  obtain  the  following  results  : — 

0,  2-55,  7-66,  12-77,  16,  19-2,  24,  32, 

T  years  1082,  792,  193,  59-2,  33-7,  27-5,  19-8,  61-7. 

These  results  are  applicable  to  meteorites  weighing  3|-  grammes  in  a  swarm 
extending  to  44|  a^.  If  the  meteorites  weigh  3|  kilogrammes,  the  values  of  r  would 
be  one-tenth  of  the  tabulated  values.  If  the  streams  were  ten  times  as  broad,  the 
periods  woidd  be  a  hundred  times  as  hmg. 

Now  the  periods  r  in  the  above  table,  even  if  multiplied  by  a  thousand,  must  be 
considered  as  short  in  the  history  of  a  stellar  system.  It  thus  appears  that  the  quasi- 
viscosity  must  be  such  that  a  swarm  of  meteors  must,  if  revolving,  move  nearly 
without  relative  motion  of  its  parts,  at  least  in  the  early  stages  of  its  evolution. 

But  let  us  consider  the  values  of  r  at  different  epochs  in  the  history  of  the  same 
system.  If  a  be  the  radius  of  the  isothermal  sphere  the  formulm  (9)  and  (10)  show 
that  L/a^  varies  as  a®,  whilst  v/a^  varies  as  a~^.  Hence  r  varies  inversely  as  cd. 
Thus,  as  the  swarm  contracts,  the  periods  r  increase  rapidly. 

Thus,  later  in  the  history,  the  viscosity  will  probably  fall  off  so  much  that  equalisation 
of  angular  velocity  may  be  no  longer  attained,  and  we  should  then  have  the  central 
])ortion  rotating  more  rapidly  than  the  outside,  with  a  gradual  transition  from  one 
angular  velocity  to  the  other. 

The  modulus  v  gives,  besides  the  viscosity,  the  rate  of  equalisation  of  the  kinetic 
energy  of  agitation  ;  this  corresponds  in  a  true  gas  with  the  conduction  of  heat.  The 
conclusion  at  which  we  thus  arrive  appears  to  justify  the  assumption  that  the  whole 
of  the  central  part  of  the  swarm  is  endued  with  uniform  kinetic  energy  of  agitation, 
and  that  the  mass  of  the  quasi- isothermal  nucleus  is  the  greatest  possible.  With 
regard  to  the  assumption  that  the  nucleus  is  coated  with  a  layer  in  adiabatic  or 
convective  equilibrium,  it  may  be  remarked  that  the  velocity  of  agitation  must 
decrease  when  we  get  to  the  outskirts  of  the  swarm,  and  convective  equilibrium  will 
probably  satisfy  the  conditions  of  the  case  better  than  any  other.  F urther  considera¬ 
tions  will  be  adduced  on  this  point  in  the  Summary. 

*  Meyer,  ‘  Kinet'4clie  Tlieorie  cler  Gase,’  p.  321.  Tlie  I/tt  is  derived  from  a  numerical  quadi’ature 
"wliicli  gives  the  value  ’318,  and  it  is  apparently  only  accidentally  equal  to  I/tt,  The  v  \/  (S/Stt)  is  the 
mean  velocity  denoted  Q  by  Meter. 
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§  12.  On  the  Rate  of  Loss  of  Kinetic  Energy  through  Imperfect  Elasticity ,  and  on  the 

Heat  Generated. 

In  a  collision  between  two  meteorites  the  loss  of  energy  is  probably  proportional  to 
their  relative  kinetic  energy  before  impact.  Therefore,  the  amount  of  heat  generated 
by  a  single  meteorite  per  unit  time  is  proportional  to  the  kinetic  energy  (say  h)  and  to 
the  frequency  of  collision.  By  (10)  the  frequency,  or  reciprocal  of  T,  varies  as  vws^jm  ; 
but  ndv  is  equal  to  (fhf,  and  varies  as  Hence,  the  frequency  of  collision 

varies  as  and  the  amount  of  heat  generated  by  a  single  meteorite  per  unit 

time  varies  as  }t,hvm~K  But,  ifp  be  the  quasi-hydrostatic  pressure,  varies  iishiom~^, 
and,  therefore,  the  heat  generated  by  a  single  meteorite  varies  as  IdpiK. 

Then,  to  find  the  total  heat  generated  per  unit  time  and  volume,  we  have  to  multiply 
this  by  the  number  of  meteorites  per  unit  volume,  that  is  to  say,  by  imn~^,  which  is 
equal  to  dph~^. 

Thus  the  amount  of  heat  generated  per  unit  time  and  volume  is  proportional  to 
2')'’mdi~^\  Witli  meteorites  of  uniform  size,  and  with  uniform  kinetic  energy  of 
agitation,  this  becomes  simply  the  square  of  the  h3^drostatic  pressure. 

The  mean  temperature  of  the  gases  volatilised  by  collisions  must  depend  on  a 
variet  v  of  considerations,  but  it  wot  del  seem  as  if  tbe  temperature  would  follow,  more 
or  less  closely,  the  variations  of  heat  generated  per  unit  time  and  volume. 

^  13.  Oyi  the  Fringe  of  a  Sirarm  of  Meteorites. 

The  law  of  distribution  of  meteorites  found  above  depends  on  the  frequency  of 
collisions.  But  at  some  distance  from  the  centre  collisions  must  have  become  so  rare 
that  the  statistical  metliod  is  inapplicable.  There  must  then  be  a  sort  of  fringe  to  the 
swmrm,  which  I  attempt  to  represent  by  supposing  that  beyond  a  certain  radius  a  (not 
the  same  as  the  former  a)  collisions  never  occur,  and  each  meteorite  describes  an  orbit 
under  gravit}'. 

Now,  at  any  point  gravity  depends  on  the  mass  of  all  the  matter  lying  inside  a 
sphere  whose  radius  is  equal  to  the  distance  of  that  point  from  the  centre  of  the 
swarm.  Hence,  the  value  of  gravity  depends  on  the  law  of  density  of  distribution  of 
the  meteorites,  which  is  the  thing  which  we  are  seeking  to  discover. 

We  suppose,  then,  that  from  every  point  of  a  sphere  of  radius  a  a  fountain  of 
meteorites  is  shot  iq3,  at  all  inclinations  to  the  vertical,  and  with  velocities  grouped 
about  a  mean  velocitj',  according  to  the  exponential  law  appropriate  to  the  case.  .As 
many  meteorites  are  supposed  to  fall  back  on  to  the  surface  as  leave  it,  and  this 
inward  cannonade  against  the  boundary  of  the  sphere  exactly  balances  the  quasi- 
gaseous  pressure  on  the  inside  of  the  sphere.  Thus,  the  ideal  surface  may  be  annihi¬ 
lated.  Since  the  fallino-  half  of  the  orbit  of  a  meteorite  is  the  facsimile  of  the  risino- 

o  C? 

half,  we  need  only  trace  tbe  body  from  projection  to  apocentre,  and  then  double  tlie 


A  SWARM  OF  METEORITES,  AND  ON  THEORIES  OF  COSMOGONY. 


37 


distribution  of  density  which  is  deduced  on  the  hypothesis  that  all  the  meteorites  are 
rising.  Again,  since  every  element  of  the  sphere  shoots  out  a  similar  fountain,  and  since 
collisions  are  precluded  by  hypothesis,  we  need  only  consider  the  velocity  along  the 
radius  vector.  As  far  as  concerns  the  distiibution  of  density,  it  is  the  same  as  if  each 
element  shot  up  a  vertical  fountain ;  but,  of  course,  in  determining  the  vertical 
velocity,  we  must  pay  attention  to  the  inclination  to  the  vertical  at  which  the 
meteorite  was  shot  out. 

The  mass  of  the  matter  inside  the  sphere,  whose  attraction  affords  t^  e  principal 
part  of  the  force  under  which  the  meteorites  move,  is  siy  M,  and,  for  the  sake  of 
simplicity  of  notation,  we  shall  take  ‘Zi^Mja  as  being  unit  square  of  velocity. 

Now,  let  j>  (r)  be  the  potential  at  the  point  whose  radius  is  r,  and  suppose  that  a 
meteorite  is  shot  out  from  a  point  on  the  sphere  with  a  velocity  u,  and  at  an  inclina¬ 
tion  e  to  the  vertical ;  then,  if  r,  9  be  the  radius  vector  and  longitude  of  the  meteorite 
at  the  time  t,  the  equations  of  conservation  of  moment  of  momentum,  and  of  energy 
are  — 

.d9 

r-  —  =  ua  sin  e, 

)  ('’  d!)  “  =  u~-  (a). 

If  we  write  f{r)  —  cf)  (a)  —  (r),  and  eliminate  cW/dt,  we  get 

cJt 

=  r  (ir  — /  (?7  )  —  siiv  e}7 


/*• 


Now,  we  are  to  regard  drjdt  as  the  vertical  velocity  in  a  fountain  squirting  up  from 
a  point  on  the  sphere.  Then,  since  =  it  follows  that  at  the  foot  of  the 
fountain  drjdt  is  equal  to  ahi  cos  e.  If,  therefore,  S  be  the  density  at  the  height  r, 
and  §0  at  the  foot,  the  equation  of  continuity  is 


Therefore, 


Sq  n~u  cos  e. 


S  a~u  cos  e 

Sq  r  [d  —  /{r)  )  —  siid  e}^ 


But  now  let  us  suppose  that  tire  meteorites  are  not  only  shot  out  at  inclination  e, 
but  at  all  possible  inclinations  from  0°  and  9 Oh  It  is  then  clear  that  this  expression 
must  be  multiplied  by  sin  ede,  and  integrated.  Hence,  if  S  now  denotes  the  integral 
density, 

J  0  r  [d  {u~  —  f{r)  )  —  u-cd  siid  e}‘^ 
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where  C  is  a  constant  which  it  will  he  unnecessary  to  determine,  and  where  the  limit 
€q  will  he  the  subject  of  future  consideration. 

Effecting  the  integration,  we  have 

8  =  —  ~  (u^  —  f  [r) )  —  U'a^  sin^  e}%  between  limits, 

=  a;  [  -  /O’) )  -  /(^) )  -  sin^  e,}’  ]. 


It  is  obvious  that,  if  is  greater  than  ry’(r)/(r~  —  a^),  the  square  root  involved  in 
drjdt  does  not  vanish  for  any  value  of  e ;  and,  hence,  we  must  simply  take  eg  =  90°. 
If,  on  the  other  hand,  id  is  less  than  this  critical  value,  Cg  is  that  value  of  e  which 
makes  di'ldt  vanish. 

Thus,  our  formula  divides  into  three,  viz.  : — 


f 

1  st.  id  greater  than 


o  /  o 

«“/7- 


8  = 


c 


2nd.  id  less  than 


// 


I  -  cd\f 


C 


8  1=  -  -  /O’)  )t 


f{r)  Y" 

I  -  cdld)  _ 


3rd.  id  less  than  f  [r)  ;  8  —  0. 

The  ph\  sical  meaning  of  this  division  is  as  follows  :  If  we  take  a  station  near  the 
surface  of  the  sphere,  meteorites  shot  out  at  all  inclinations,  even  horizontally,  reach 
the  height  of  our  station  ;  and,  when  they  are  shot  out  horizontally,  e  =  90°.  If  we 
go,  however,  to  a  higher  region,  there  is  a  certain  inclination  which  just  brings  the 
meteorites  at  apocentre,  where  drjdt  =  0,  to  our  height  ;  but  those  shot  out  more 
nearly  horizontally  fail  to  reach  us.  Still  higher,  not  even  a  meteorite  shot  up 
vertically  can  reach  us,  and  the  density  vanishes. 

These  results  only  correspond  to  a  single  velocity  u ;  but,  if  he  the  mean 
square  of  the  velocity,  the  number  of  meteorites  whose  velocities  range  between  u  and 
u-i~di{  is  proportional  to  (/m.'*  Hence,  we  have  to  imdtiply  8  by  this  expres¬ 

sion,  and  integrate  from  ic  =  oo  to  u  —  0. 

Now,  the  first  term  of  the  first  form  for  8  is  the  same  as  the  second  form  ;  and  in 
the  third  form  8  is  zero  ;  hence,  this  first  term  when  multiplied  by  the  exponential  has 
to  be  integrated  from  id  =:  co  to  f  {i').  The  second  term  of  the  first  form  of  8  has  to 
be  multiplied  by  the  exponential,  and  integrated  from  id  =  co  to /('^’)/(t  —  U'/r'). 

Now,  for  the  first  term  ])ut 


*  Oskar  Meyer,  ‘  Die  Kinetiscbe  Tbeorie  der  Gase,’  1877,  pp.  271-2. 
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therefore, 

u  {u^  —  f{r))'  du  = 

and  the  limits  of  x  are  oo  to  0. 

Hence,  the  fii’st  term  is 


x~  dx, 


e  ^  dx 


Again,  for  the  second  term  put 


./OO  0 

1  -  fd/rV 


=  x~ 


and  similarly  introduce  it  into  the  second  term,  and  we  have 

-  1  -  \^^xH-^dx. 

From  these  expressions  we  may  omit  the  constant  factors  ;  and,  if  iv  be  the  density 
at  height  r,  whilst  Wq  is  the  density  at  the  sphere, 


r-y 

In  this  formula  unit  square  of  velocity  is  •2p,ili/a  ;  but  we  have  elsewhere  written 
v"  =  ;  hence,  if  the  special  unit  of  velocity  be  given  up,  we  may  write  yS'  in 

place  of  2v^,  and  the  result  becomes 


w 


—  =  e-3/0-)/2i;2  _  ] 


Wa 


10 


10 


0 


g-3/(r)/^2  _ 


Q-‘6f(rWHl-aW)^ 


(43) 


It  is  interesting  to  observe  the  connection  between  this  law  of  density  and  that 
which  would  have  held  if  the  gaseous  law  (due  to  collisions)  had  obtained.  In  that 
case,  since  ^(f)  [r)  is  the  potential,  we  should  have  had 


1  dp 
10  dr 


2 


^  0‘)  =  0- 


Now,  p  =  ^v^w,  and,  therefore, 

log  V)  -  ^'^2  </>  (r)  =  const. 

3 

=  log«’0“  ^2^(4 

Tlius, 

or 


w 


Q-Z/{r):-2c^  _ 
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The  first  term  of’  our  result,  then,  is  exactly  that  resulting  from  the  gaseous  law, 
and  the  second  subtractive  term  represents  the  action  of  the  diminished  velocity  with 
which  the  meteorites  move  in  the  higher  regions,  when  they  are  liberated  from  the 
equalising  effects  of  continual  impacts. 

By  previous  definition,  ixM f{r)  /  a  is  the  excess  of  the  potential  at  radius  a  above 
its  value  at  radius  r  ;  hence. 


ivr'^  dr .  dr. 


Now,  since  f{r)  is  only  required  for  values  of  r  greater  than  a,  we  may  put  lu  equal 
to  its  mean  value  p,  between  the  limits  0  and  a.  Thus, 


Hence, 


j  ivr^  dr  =  j  ivr^^  dr  +  ^pcd. 
Jo  J 


n-r)  =  [£  ,1 1  w-'”'  dr  +  =  (l  -  “)  +  3  f''”i  t  ch. 


If  this  form  for  f{r)  were  substituted  in  (43),  we  should  obtain  a  very  complicated 
ditfe3’ential  equation  for  iv.  We  may,  however,  find  two  values  of  /{r)  within  which 
the  truth  must  lie. 

First,  if  we  neglect  the  attraction  of  all  the  matter  lying  outside  of  radius  a,  the 
second  term  vanishes,  and  we  have, 


and  the  law  of  density  is 

IV 


f{r)  -  1 


a 

T 


(44) 


Secondly,  we  may  suppose  the  density  to  go  on  diminishing  according  to  the  inverse 
square  of  the  distance.  We  have  seen  in  the  preceding  solution  and  tables  that  this 
is  roughly  the  law  of  diminution  for  a  long  way  outside  the  isothermal  nucleus. 
According  to  this  assumption,  iv  =  Hence,  in  the  second  term  of  /'(r)  we 

put  IV  =  IV Q  or /F  =  tvjz-. 

Hence, 


and 


f{r)  =  1 


P  IC  „  ,  Wn  ^  IV,,  ,  . 

\  ~  z^-dz  =  —  \  dz  =  -^{z  —  1), 
h  P  P  h  P 

J-n 


jPF 


^pJ  \ 


I  a\  ,  Wr,,  r  ,  - 


The  substitution  of  this  value  in  (43)  gives  the  la\v  of  density. 

In  order  to  see  the  kind  of  results  to  wdiich  these  formulae  lead, let  us  suppose  that,  when 
we  have  reached  radius  2  in  the  adiabatic  layer,  collisions  have  become  so  rain  as  to.  be 
negligible.  Then  the  symbols  in  the  formula!  of  this  section  have  numerical  values;  and. 
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in  order  to  distinguish  them,  let  them  be  accented,  so  that,  for  example,  we  write 
a,  /3"^,  p,  &c.,  in  (43),  (44),  and  (45),  in  place  of  a,  p. 

Now  Table  III.  shows  that,  when  a'  =  2a,  M'  =  M  =  2M  nearly.  Hence, 
M' la  =  Mja  nearly.  But,  at  radius  2a  in  Table  III.,  v^/vq^  =  '298  =  ’3,  and  this 
is  what  we  now  write  or  j a' ,  whilst  Vq  —  fi-pM j a. 

But  /3^  =  f  very  nearly ;  hence,  =  '3,  or  /B''^  =  ’36. 

Thus,  3/y8'2  =  8-333. 

Then,  substituting  2a  for  a,  and  noticing  that  in  Table  III.,  tv/^p  =  -163,  when 
r  =  2a,  the  first  law  of  density  (44)  becomes 


163 

g-¥a-2aM  _ 

fl  -  4  + 

\  ^7  J 

(46) 


Again,  since  M'  =  2M,  and  a!  —  2a,  p  —  ^p,  =  4  X  =  4  X  ’163  by  Table  III., 

nP  xP 

and  =  -65  =  4  nearly. 

\p  ® 

Thus,  according  to  the  second  assumption,  we  have  by  (45) 


Wn 


2a 


3/(r)  =  ( t  -  +  log  (  — )  ,  and,  since  —  =  2-78, 


^5’^  =  2-78  (  1 
3/(r) 


r 
2-78 


+  2-78  log  Ut  . 


+  log  f£T; 


I3~(L  -  ia-lr-)  l+iajr  '  1  -  ia-jr 
and  the  law  of  density  is 


10 

3P 


=  -163 


Q--6f(r)ir-  _  g-3/(r)/|3'»(l-4a=/r^) 


(47) 


The  values  computed  from  these  alternative  formulas  (46)  and  (47)  will  be  compar¬ 
able  with  those  in  Table  III. 

In  Table  III.  we  have  the  value  of  ivj^p  computed  at  distances  rja  =  2-208,  2-463, 
2-786.  The  follov/ing  short  table  gives  the  result  extracted  from  Table  III.  for 
comparison  with  the  values  computed  from  (46)  and  (47)  : — 


rja  = 

2-0, 

2-208, 

2-463, 

2-786. 

Convective  equilib.,  —  = 
sP 

•163, 

•092, 

•033, 

0. 

w 

First  hypoth.  (46),  —  = 

3P 

-163, 

•074, 

•033, 

•015. 

w 

Second  hypoth.  (47),  p-  = 

3P 

•163, 

•071, 

•029, 

•on. 
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It  appears,  therefore,  that  the  results  from  the  two  hypotheses  difPer  but  little  for 
some  distance  outside  the  region  of  collisions,  and  either  line  may  be  taken  as  near 
enough  to  the  correct  result.  We  see  then  that  the  effect  of  annulling  collisions  and 
allowing  each  body  to  describe  an  orbit  is  that  the  density  at  first  falls  off  more 
rapidly  than  if  the  medium  were  in  convective  equilibrium,  and  that  further  away  the 
density  falls  off  less  rapidly.  At  more  remote  distances  the  density  would  be  found 
to  tend  to  vary  as  the  inverse  square  of  this  distance.  Thus,  the  formulae  would  make 
the  mass  of  the  system  infinite.  In  other  words,  the  existence  of  meteorites  with 
nearly  parabolic  and  hyperbolic  orbits  necessitates  an  infinite  number,  if  the  loss  to 
the  system  is  constantly  made  good  by  the  supply. 

The  subject  of  this  section  is  considered  further,  from  a  physical  point  of  view,  in 
the  Summary  at  the  end. 


14.  On  the  Kinetic  Theory  ivhere  the  Meteorites  are  of  all  sizes. 


In  an  actual  swarm  of  meteorites  all  sizes  occur,  for,  even  if  this  were  not  the 
case  initially,  inequality  of  size  would  soon  arise  through  fractures.  Hence,  it  becomes 
of  interest  to  examine  the  kinetic  theory  on  the  hypothesis  that  the  colliding  bodies 
are  of  all  possible  sizes,  grouped  about  some  mean  value  according  to  some  law  of 
frequency. 

If  there  be  two  sets  elastic  spheres  in  such  numbers  that  there  are  respectively 
A  and  B  in  unit  volume,  and  if  the  mean  squares  of  the  velocities  of  the  two  are  cA 
and  respectively,  and  if  a  and  h  are  the  radii  of  the  spheres  of  the  two  sets,  then  it 
is  proved  that  the  number  of  collisions  between  them  per  unit  time  and  volume  is 

+  [f;r 

We  shall  now  change  the  notation,  and  for  a  and  h  write  and  Sg,  and  for  a  and  /3 
write  and  u^. 

Then,  if  S  be  the  density  of  the  spheres,  their  masses  are  and  ^Trhsf 

The  condition  for  the  permanence  of  condition  is  that  the  spheres  of  all  masses 
shall  have  the  same  mean  kinetic  energy.  Hence,  we  refer  the  mass  to  a  mean  sphere 
of  radius  5,  and  the  velocity  to  a  square  of  velocity  Fh 

T’hen 


Thus,  our  formula  may  be  written 


+  U 


*  ‘  The  Kinetic  Theory  of  Gases,’  by  H.  W.  Watsox,  p.  II. 
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But  now  suppose  that  there  are  spheres  of  all  possible  sizes,  and  that  in  unit 
volume  the  number  whose  radius  lies  between  s  and  6’  +  is 


4n 


Since  the  inteoTal  of  this  from  oo  to  0  is  n,  it  follows  that  n  is  the  number  of 
spheres  of  all  sizes  in  unit  volume. 

If  p  be  the  total  mass  in  unit  volume,  or  the  density  of  distribution, 

^  X/'TT  J  0  0-" 

4w  r“ 

=  —•17780-3  x^e-^dx 


\/Tr 

4% 

^77 


477  8a'3 


If  m  be  the  mean  mass,  m  =  pjn  ;  but  77^  =  f77S?3 ;  hence, 

3  4  . 

^0  _  - 

and 


+  LH  = 


So 


3  4 


a/ 77 


o-\3^  /(r\3' 


If  the  A  spheres  of  radii  5^  are  those  whose  radii  lie  between  5^  and  5^  +  ds^,  and 
the  B  spheres  of  radii  s.^  are  those  whose  radii  lie  between  %  and 

A  = 

B  = 

Hence,  the  formula  for  collisions  between  the  A’s  and  B’s  is 


4?!/ 

V  77 

W/ 

1  (J 

in 

fsj 

ch 

\/77 

V  0-/ 

/  cr 

64%^ 


-  +c 


2/  j 


or,  if  we  write  a?  =  .s^/cr,  ?/  =  s^/cr,  it  is 


64?7^ 


r(iiTV^)-a^(x  +  ijy(x‘+fy(xyye  ^  r'clxdi/ 


.  (48) 


*  If  the  spPei’es  are  grouped  about  a  mean  mass,  instead  of  about  a  mean  radius,  according'  to  a  law  of 
tbis  kind,  the  subsequent  integrals  become  very  troublesome.  Any  law  of  the  kind  suffices  for  the 
discussion.  If,  bowever,  I  bad  foreseen  tbe  investigation  of  §  IG,  I  sbould  not  have  taken  tbis  law  of 
frequency. 
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But 


o  vr-  o  ,  64  TT-  32  2^^ 

=  -W  ^  ’  and  {t^y  -j  =  Za  •  W 


TT* 


TT* 


Hence,  the  number  of  collisions  per  unit  time  and  volume  between  spheres  whose 
radii  range  between  and  +  cls^,  and  others  with  radii  between  Sg  and  +  dso,  is 

^  ^  +  yy  +  y^y  {^yy  e~'^~^\lxdij . 

The  number  of  collisions  of  a  single  sphere  per  unit  time  is  ijn  of  this,  and,  since 
n  —  p/m,  we  have  for  the  collisions  of  a  siimle  sphere  the  factor  instead  of 

O  J.  ^J^jp 

Then  the  total  number  of  collisions  of  all  kinds  in  unit  time,  or  the  reci23rocal  of  the 
mean  free  time,  is  the  double  integral  of  this  from  oo  to  0. 

For  the  ]3ur]30se  of  carrying  out  the  integration,  we  may  conveniently,  as  an 
algebraic  artifice,  change  from  the  rectangular  axes  x,  y  to  the  polar  coordinates  r,  6. 
Thus, 


«CO  ^00 

(a;  +  yy  (x?  +  y^y  [xyy  dx  dy 

0  ■  '*  CO  J 

—  [  g-'-"  dr  [  (sin  6  +  cos  Oy  (1  —  sin  9  cos  Oy  (sin  6  cos  Oy  dd. 

Jo  Jo 


Now,  if  we  put  r  =  z^, 


9.5.1 


f  r  —  2  [  e  ^  dz  —  2  •  I  e  ^  dz. 

Jo  Jo  4.4.4J0 

For  the  transformation  of  the  second  integral,  ]Dut 

2;  =  cos  9  —  sin  9, 

and  we  find 

[  (sin  9  +  cos  9y  (1  —  sin  9  cos  d)-  (sin  9  cos  9)'  d9  =  \  2  (2  ~  (1  “  ^^y  dz 

Jo  J  -1 

=  [  (2  —  z^y  (1  —  z^y  dz. 

Jo 

Hence,  the  whole  integral  is 

II  C  e-^  dz  f  (2  -  z^y  (1  -  zj  dz, 

Jo  Jo 

and  the  mean  frequency  of  collision  of  a  single  ball  ^^er  unit  time  is 

[  6“"^  dz  [  (2  —  2:^)^  (1  —  2“^)^  dz. 

J  n  J  0  ^ 


15. 

ttA  m/p 
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The  second  of  these  two  integrals  cannot,  I  think,  be  evaluated  algebraically,  but 
its  value  is  easily  found  by  quadratures.  I  find,  then, 


r(2  —  (1  —  z^ydz  =  1- 

Jo 


2999. 


The  former  of  the  two  integrals  may  be  evaluated  as  follows 
Let 

I  =  e~^  dx, 

J  A 


then, 


^co  p 

■  0  Ji 

/•CO  .1 

=  4|  J’ 

Jo  Jo 


e  J'"  dx  dy 


=  f  dzd<p 

Jo  Jo 


'0 


=  2rj  dtd<i> 

J  0  J  0  (1-2  sin-  (/)) 

~  Jo  U  -  isi 
=  7r*F(45°), 


siiH  0)^ 


where  F  iq  the  complete  elliptic  integral  with  modulus  sin  45'^ 
Hence, 


We  thus  have  the  frequency  of  collision  given  by 

■F^  •  1-2999 


V5  . 
8 


3".  2"  .  F(29) 

mip 


Now,  Legendre’s  Tables  give 

logjl’^  -2681272, 

with  which  value  we  easily  find  for  T  the  mean  free  time,  or  IjT  the  frequency, 

i  =  5.33,8  =  nearly. 


mIp 


(49) 


If  l/Tg  he  the  frequency  of  collision  when  the  spheres  are  all  of  the  same  size  and 
mass  ?  and  m,  and  are  agitated  with  mean  square  of  velocity  L",  wm  have,  by  the 
ordinary  theory, 

l=4yf.riM=  4-0935  . (50) 

/q  ^6  mip  onip  '  ' 


I  owe  tFis  to  Mr.  Fobsyth,  fmd  the  result  verifies  an  evaluation  by  quadratures  which  I  had  made. 
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It  follows,  therefore,  that  in  our  case  collisions  are  more  frequent  than  if  the  balls 
were  all  of  the  same  size  in  about  the  proportion  of  4  to  3. 

In  order  to  find  the  mean  free  path,  we  require  to  find  the  mean  velocity. 

If  be  the  mean  square  of  the  velocity  for  any  size  s,  the  proportion  of  aU  the 
spheres  of  that  size  which  move  with  velocities  lying  between  v  and  v  +  dv  is 

“/“  dy, 

\/  TT 

where  =  3'r^/2w®. 

But  the  number  of  spheres  of  size  between  s  and  s  -j-  ds,  in  unit  volume,  is 

O  7 

x-'e  ^  dx, 

y/tt 

wBere  x  =  sja. 

Hence,  the  mean  velocity  U  is  given  by 

j"  I  vx^y''''e~^~y''  dx  dy. 


U 


Now, 
so  that 
Therefore, 
But 

therefore, 


V  =  ^/f  .  uy,  and  =  9^  V^,  or  x^u^  =  ( - )  V^, 


2  3  2/2 

u  =  ^  x~^^  V,  and  v  £r^  x~hy  V. 


TT 


7rV3 


U=''^V\  f  x^fiT^-fdxdy. 

Jo  Jo 


yh  f  dy  =  i  and  f 
J  r 


xh  dx=  2  z~e~-"  dz  ; 


U  = 


32^2 


tt'y/S 


^-  v\  zh-^dz. 

3  J  n 


This  integral  may  be  evaluated  as  follows 
Let 


J=[  x^e  ^\lx, 

pQO  ^00 

4 =4  x^y~e~-^'~^  dx  dy 

J  n  J  0 

?‘^sin^  29  -4sm2  2fl) 


=17" 

•'0  Jo 


—  1 
—  4 


0  •'0 


JqJo  (1 -isii/0)’  ^ 

,  ish9cf) 

Jn  (1  -  isin“(t)’  ^ 


=  4-4 

-  A4T 


f’- _ # _ p 

J  A  Q  —  i  sin^  4))^ 


L*'  0 
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Now, 

fi”'  dcp  __  E 
Jo  (1-^2  sin3  0)-5  “  7/=  ’ 

and  in  the  present  case  ~  h''^  =  -1. 

Hence. 

where  E  and  E'  qsq  the  complete  elliptic  integrals  with  modulus  sin  45°. 
In  Legendre’s  Tables,  we  find 


£’=  1-350644,  £’=  1-854075,  and  2£’ —  7^  =  -84721 3. 


Then, 

The  mean  free  path 

and  thus 


T=?  yfv/(2-E-r)=  1-91377. 

y  TV 


L=  UT=  1-9138  VT  — 


1'9138  mip 

5-3318  ^3 


£  = 


1  mjp 


2-786  (29)- 


(51) 


If  the  spheres  had  all  been  of  the  same  size,  we  should  have  had 


4- 


mip 


(29)  V  2 


4-44 


(29)-  • 


(52) 


Hence,  finally  from  (49)  to  (52),  if  there  be  a  number  of  spherical  meteorites,  of 
uniform  density,  of  all  sizes  with  radii  grouped  about  a  mean  radius  according  to  the 
law  of  error,  and  if  S  be  the  diameter  of  the  meteorite  of  mean  mass  m,  and  p  be  the 
density  of  the  distribution  of  meteorites  in  space,  and  \mV'^  their  mean  kinetic 
energy  of  agitation,  then  the  mean  free  path  £,  mean  free  time  T,  and  mean  velocity 
U  are  given  by 


L 


1 

2-786 


mjp 


5  ™/P  1 

-14  nearly. 


T  = 
U  = 


1  m/p 


3  «LP  1 
iir  nearly. 


1-9138  V  =  2V  nearly. 


i 


(53) 


Also  the  mean  free  path  is  about  i^-ths,  and  the  mean  free  time  about  f  of  that 
which  would  have  held  if  the  meteorites  had  all  been  of  the  same  size  m  and  had  had 
the  same  mean  kinetic  energy  m 


*  I  owe  tills  to  l\[r.  FoESYTH, 
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§  15.  On  the  Variation  of  Mean  Frequency  of  Collision  and  Mean  Free  Path  for  the 

several  sizes  of  halls. 


Each  size  of  ball  has  its  own  mean  frequency  of  collision  and  mean  free  path,  and  it 
is  well  to  trace  how  the  total  means  evaluated  in  the  last  section  are  made  up. 

We  have  already  seen  in  (48)  that  (substituting  fur  a  its  value  in  terms  of  5)  the 
number  of  collisions  per  unit  time  and  volume  between  balls  of  sizes  s  to  5  +  ds  and 
balls  of  sizes  s'  to  s'  +  ds'  is 


IT* 


{x  +  yf  (x^  +  (xy}i  e 


d.x  dy, 


where  x  =  sicr,  y  =  s' jcr. 

But  the  number  of  balls  of  size  6'  to  5  +  ds  in  unit  volume  is 

Vi  0  _  7 

_  X  .-J /y% 

V  TT 

Hence,  the  mean  frequency  of  collision  for  a  ball  of  size  s  with  all  others  is 


Now, 


A.n 


(|7rF2)  Y,  93  [  {x-\-yY  {x^  +  y^fx  hjh  yCly. 


Therefore,  if  we  "write  l/r  for  the  frequency  of  collision  of  a  ball  of  size  s  with  all 
others,  we  have 


1 

T 


2h 


VJfff 

vilp 


[x  +  yY  (F  -|-  y'^Y  iT  ^ 


Now,  the  mean  frequency  for  all  sizes  is  given  by 


Hence, 


1 

T 


5-3318 


vcfl 

mip 


9w 


.  TT" 


\  8  /•OO 

%  \  -nr  r 


{x  +  yY  {F  +  ifY  'IP  dy. 


T  _  1 

T  ~  5-3318  3* 

=  -l780-(^)f  {x-{-yY{x^ +  y^)Vj"e-yMy.  .  . 


(54) 


The  integ”al  involved  here  cannot  in  general  be  determined  algebraically;  but,  if 
X  be  very  small,  or  very  great,  we  can  find  an  approximate  value  for  it. 

If  X  be  very  small,  the  integral  becomes 
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If  X  1)6  very  large,  the  integral  becomes 

aoo  ^co 

55  y^‘ Q-'f  dij  =  2a;^  e~~'  th 

Jo  "  Jo 


Now, 


X'^ 


\  9  , 


and 


["z^-e-~-\lz  =  lTT-{‘lE  -  Ff. 

J  0 


Therefore,  the  integral  becomes 

2» 

-i  (2^^^ 

TT 


and  with  the  known  values  of  E  and  this  gives  us 


For  intermediate  values  of  s  recourse  must  be  had  to  quadratures  for  evaluating 
the  integral.  I  have  therefore  determined,  by  a  rough  numerical  process,  sufficient 
values  of  the  integral  to  render  possible  the  drawing  of  a  curve  for  the  values  of 
J/r  for  all  values  of  s.  The  following  table  gives  the  results  for  the  integral 
Io“  (■'»  +  yf  +  y^Y  yi  g  dy^  which  may  be  denoted  by  K : — 


K 


If  these  values  be 


we  obtain 


= 

171  , 

.s  =  I? 

2-90  , 

.9  =  ? 

4-94, 

.9  =  §9 

12-97  , 

.9=29 

28-75  . 

introduced  in  the  formula 


T/r 


.9=  I9 

•86  , 

.9  —  ^9 

•80  , 

•9=9 

•88  , 

5  =  1? 

1-26  , 

s  =  29 

1-81  . 
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These  values  are  used  for  forming  the  curve,  entitled  “  frequency  of  collision,”  in 
fig.  1  below,  and  they  are  supplemented  by  the  values  found  above  for  J'/V,  in  the 
case  where  5/5  is  either  very  small  or  very  larg’e. 

The  frequency  becomes  infinite  when  the  balls  are  infinitely  small,  because  of  the 
infinite  velocity  with  which  they  move,  and  again  infinite  for  infinitely  large  balls, 
because  of  their  infinite  size.  But  it  must  be  remembered  that  there  ate  infinitely 
few  balls  of  these  two  limitino’  sizes. 

We  have  now  to  consider  the  mean  free  path,  say  X,  for  the  several  sizes. 

If  be  the  mean  square  of  velocity  for  the  size  s,  the  mean  velocity  for  that  size  is 
u  y^(8/37r),  by  the  ordinaiy  kinetic  theory. 

From  the  constancy  of  mean  kinetic  energy  for  all  sizes,  wm  have 

so  thah  the  mean  velocity  for  size  5  is 

But,  if  U  be  the  mean  velocity,  and  L  the  mean  free  path,  and  T  the  mean  free 
time  for  all  sizes  together,  we  have 

1'91.38  1'9138  T 


Therefore,  the  mean  velocity  for  size  s  is 


W  (s/Stt) 
1-9138 


Z 

T 


=  -4815 


But  the  mean  velocity  for  size  s  is  X/V  ;  hence, 


-4815  1''''" 
L  \s, 


2-705 

K 


4815  1 

1780  ■  K 


When  s  is  very  small,  we  find  X/L  =  4,  and,  when  s  is  very  large,  X/L  =  1-7  (yX)*- 
Thus,  for  small  values  of  s,  the  mean  free  path  reaches  a  constant  limit  4,  and  for 
large  values  it  becomes  infinitely  small. 

The  intermediate  values,  sufficient  for  drawing  a  curve,  are  given  in  the  following 
short  table  : — 


X/L. 

—  Ln 

—  2? 

1-58. 

— 

—  4^ 

•93. 

=  9 

•55. 

—  4-0 

—  2^ 

•21. 

=  29 

•09. 
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These  values  are  set  out  in  the  annexed  figure  in  the  curve  marked  “free  path,” 
and  are  supplemented  by  the  values  found  above  for  small  and  large  values  of  s. 
The  constant  limit  4  falls  o\itside  the  figure.  The  horizontal  portion  of  the  curve  is 
asymptotic  to  the  s-axis. 


No  immediate  use  is  made  of  these  conclusions,  but  it  was  proper  to  examine  tliis 
point  in  the  theory. 

§  16.  On  the  Sorting  of  Meteorites  according  to  size  and  its  Results. 

It  is  a  well-known  result  of  the  kinetic  tlieory  of  gases,  that  if  a  number  of  different 
gases  co-exist,  each  gas  has  the  same  density  as  though  it  alone  existed,  and  was 
subject  to  the  resultant  forces  of  the  system  ;  also  the  mean  kinetic  energy  of  agitation 
of  each  gas  is  the  same.  From  this  it  follows  that  the  elasticity  of  each  gas  is 
inversely  proportional  to  the  mass  of  its  molecule. 

Carrying  on  this  conclusion  to  meteorites,  we  see  that  the  elasticity  of  the  gas 
formed  by  large  meteorites  is  less  than  that  for  small ;  and,  lienee,  there  is  a  greater 
concentration  of  large  meteorites  towards  the  centre,  and  there  will  be  a  sorting 
according  to  size.  The  object  of  this  section  is  to  investigate  this  point. 

In  §§14  and  15,  the  laws  of  a  kinetic  tlieory  were  investigated  when  the  gas 
consisted  of  molecules  of  all  masses,  grouped,  according  to  a  laAv  of  fre(j[uency,  about 
a  certain  mean  radius,  and  molecules  of  infinite  mass  were  considered  to  be  admissible, 
with,  of  course,  infinite  rarity.  Now,  if  we  were  to  continue  to  use  that  law  of 
frequency  of  masses  in  the  present  investigation,  we  should  find,  as  an  analytical 

H  2 


52 


PROFESSOR  G.  H.  DARWIR  OX  THE  MECHAXICAL  CONDITIONS  OF 


result,  that  tlie  meau  mass  in  the  centre  of  the  swarm  becomes  infinite.  The 
existence  of  very  large  meteorites  in  sufficient  numbers  to  give  statistical  constancy 
in  a  volume  which  is  not  a  considerable  fraction  of  the  volume  of  the  whole  swarm  is 
physically  improbable.  We  shall,  therefore,  treat  the  case  best  by  absolutely 
excluding  very  large  masses.  When  such  masses  occur,  they  must  not  be  treated 
statistically  ;  this  is  a  question  which  I  hope  to  consider  in  a  future  paper.  Had  I 
foreseen  this  conclusion  when  the  investigations  of  the  last  two  sections  were  carried 
out,  a  different  law  of  frequency  of  mass  would  have  been  assumed.  But  the  results 
of  those  sections  are  amply  sufficient  to  indicate  the  conclusions  which  would  have 
been  reached  with  another  law  of  frequency,  and,  therefore,  it  does  not  seem  worth 
while  to  recompute  the  results  by  means  of  a  fresh  series  of  laborious  quadratures. 

Any  law  of  frequency  would  suffice  for  our  purpose  which  excludes  masses  greater 
than  a  certain  limit  and  rises  to  a  maximum  for  a  certain  mean  mass.  For  the 
present,  I  do  not  specify  that  law  precisely,  but  merely  assume  that  at  some  radius, 
which  may  conveniently  be  taken  as  that  of  the  isothermal  sphere,  where  r  =  a,  the 
number  of  meteorites  whose  masses  lie  between  x  and  x  -f-  S*  is  f  {x)  Sx  ;  it  is  also 
assumed  that  x  may  range  from  M  to  zero. 

The  meteorites  whose  masses  range  from  x  to  x  hx  may  be  deemed  to  constitute 
a  gas.  Suppose  that  at  radius  r  the  number  of  its  molecules  per  unit  volume  is  hn, 
its  density  hiv,  its  pressure  and  let  the  same  symbols,  with  sufiix  0,  denote  the 
same  things  at  radius  a.  Since  all  the  partial  gases  are  in  the  permanent  state,  they 
all  have  the  same  mean  kinetic  energy  of  agitation,  equal  to  \h,  suppose.  Throughout 
the  isothermal  sphere,  this  li  is  constajit,  and  equal,  say,  to  but  varies  with  the 
radius  in  the  adiabatic  layer  over  it.  It  follows,  therefore,  that  the  mean  square  of 
the  velocity  of  the  particular  partial  gas  x  to  x  Sx  is  equal  to  h/x,  and  the  relation 
between  Sj?  and  Siu  is 

Let  —  X  ije  file  excess  of  the  gravitation  potential  of  the  whole  swarm  at  radius  r 
above  its  value  at  radius  a. 

Then,  since  each  partial  gas  behaves  as  though  it  existed  by  itself,  the  equation  of 
hydrostatic  equilibrium  of  the  partial  gas  x  to  x  +  Sx  is 

1  d  8p  dx  _ 

Sio  dr  dr 

The  investigation  must  now  divide  into  tAvo,  according  as  whether  we  are  con- 
widering  the  isothermal  sphere  or  the  adiabatic  layer. 

The  Isotheruial  SiTiere. 

Here  we  have  h  a  constant  and  equal  to  Uq,  and  Sp  varies  as  Stv,  so  that 
*  This  M  is  not  to  be  confused  with  M,  the  mass  of  the  isothermal  sphere. 


A  SWARM  OF  METEORITES,  AND  ON  THEORIES  OF  COSMOGONY. 


53 


,  Biv 


-x> 


or 


Bto 

SWr 


=  e 


—  3xx-l/io 


Now  it  is  obvious  that  ;  and.  therefore, 

S71  =  t^-^xaV/'o 


But,  by  the  dehuitioii  of/’(a;), 


hence, 


Sitfj  =  Sx  ; 


Bn  =  e  Sx. 


(55) 


This  is  the  law  of  frequency  of  mass  x  to  x  +  Sx  at  radius  ?•. 
Now,  if  m,  mg  be  the  mean  masses  at  radii  r  and  a  respectively, 


m  = 


e  f  {x)  dx 


dx 


(56) 


and,  if  we  put  y  =  0,  we  obtain  wIq  from  the  same  formula. 

It  is  also  clear  that,  if  tv  be  the  total  density  of  the  swarm  at  radius  r, 

r 

IV  =  \xdn=  \  X  f  {x)  dx . (57) 

J  Jq 

By  the  definition  of  y,  and  in  consequence  of  the  supposed  spherical  arrangement  of 
matter,  we  have 

y  =  I  q-j  (  I  47r/ri(’r"cZr 

^  a')"'  \  j  0 


If  this  value  were  substituted  in  (57),  we  should  obtain  a  very  complicated 
differential  equation  to  determine  w,  the  solution  of  which  is  hopelessly  difficult. 
We  may,  however,  assume  without  much  error  that  the  w  in  the  integral  expressing 
y  is  the  density  of  meteorites,  all  of  which  are  of  the  same  size  tn ,  and  wliich  are 
agitated  with  mean  kinetic  energy  ^Jiq.  If  this  density  be  written  w,  xve  then  clearly 
have 


X  =  ~ 


K  1  w 
log  — . 

d  m  _  Wy 


The  values  of  w  and  Wq  may  be  extracted  from  Table  III.  of  solutions  in  §  6. 
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Then  we  have 


o 


h 


X  ,  w 

log  -  =  suppose, 


where  q  is  rigorously  equal  to  —  Sy/Ag ;  but  for  computing  the  approximate  value 
log  (w/wq)  is  to  be  employed. 

In  order  to  proceed  to  the  evaluation  of  the  mean  mass  at  various  distances,  we 
must  assume  some  form  for  f{x). 

T  assume,  then,  that 

/(.r)  =  -  X). 

It  is  easy  to  show  that 


•M 

f  {x)  dx  = 

0 


1  fM  _ 

and  —  X  fix)  dx  —  AM. 

Jo 


Hence,  the  mean  mass  =  -|M,  and  the  maximum  frequency  is  for  masses  equal 
to  m^^. 

Then,  by  (56),  we  have  for  the  mean  mass  at  radius  r 


Hut 


Hi  — 


I  x"  ( ]\I  —  .r) 
Jo  ^ 


a;  (jM  —  x)  c,vdx 


■xf  (M  —  x)  e'^'-'dx  =  —  —  4Mq  +  6)  —  2  (Mq  +  3)1, 1 

•*0  2  [ 
fM  I 

x{M  —  x)  e'i^dx  =  3  (Mq  —  2)  +  (Alcy  +  2)]. 
j  0  1 


(58) 


It  may  be  remarked  that,  if  Mq  be  treated  as  small,  we  have  the  first  of  these 
integrals  equal  to  (1  +  fMq),  and  the  second  equal  to  ^1^^  (1  +  the 

ratio  of  the  first  to  the  second  is  AM  ( 1  +  lA)  M<2)- 

In  order  to  evaluate  m,  we  proceed  to  introduce  the  approximate  value  for  q. 

Now, 


m 


and  e%  = 


then,  wilting  for  Ijrevity, 
we  have 


P=  log 


2  \w, 


w 


_  4P  +  6)  _  2  (7>  +  3) 


■in 

i  1  r  p  •  /  w  \  MjV 

J-  (  \  (P  _  2)  +  (P  +  2) 

Wn/ 


(59) 
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Also,  if  P  be  small,  the  approximate  result  is 


m 


=  1  4- 


Before  proceeding  to  give  numerical  values  for  the  fall  of  mean  mass  as  we  proceed 
outwards  from  the  centre  of  the  isothermal  sphere,  we  must  consider 


The  Adiahatic  Layer. 

In  this  case  we  assume,  as  before,  that  the  ratio  of  the  two  specific  heats  is  if,  and 
we  therefore  have  for  the  relationship  between  Zp  and  at  radius  r, 


Hence, 


1  dhp 
hw  dr 


Sp 

hPo 


—  6 


SlV  \"3 

hio. 


'SSp^ 

BWr, 


d  /  Bto  Y 


dr  \8wqJ  ’ 


But,  since  Sp^,  Swq  apply  to  the  radius  a  where  h  =  a  constant, 


3Sy, 

8v: 


0 


Thus,  in  the  adiabatic  layer  the  equation  of  hydrostatic  equilibrium  is 


whence. 


or 


Jl,d^/Sw\i  dx_r. 
X  dr  \8wf^)  dr  ’ 


Sw  =  SlUq  1 


5/C_  ■ 


(60) 


The  investigation  now  follows  a  line  parallel  to  that  taken  before. 

We  have  Sti/Swg  =  Sip/Swq,  and  Sn^  =  f{x)  dx,  so  that 

= ('■  - 

This  is  the  law  of  frequency  of  masses  lying  between  x  and  a:  +  Sa;  at  radius  r. 

As  Sw  can  never  be  negative,  we  see  that  there  can  be  no  mass  greater  than  ■f/^'o/x  ’ 
and,  if  M  be  the  greatest  positive  value  of  the  expression  f{x),  there  can  be  no  mass 
greater  than  the  smaller  of  f  hJx 
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Thus,  if  m  be  the  mean  mass  at  radius  r, 

(61) 

where  a  is  the  smaller  of  f  and  M. 

If  we  put  X  =  6  in  (61),  we  obtain  ??Iq,  the  mean  mass  at  radius  a. 

It  is  clear  also  that,  if  lo  be  the  total  density  of  the  swarm  at  radius  r, 

(62) 

By  definition  of  y,  and  in  consequence  of  the  supposed  spherical  arrangement  of 
matter,  we  have 

^  f’  fo 

If  this  value  were  substituted  in  (62),  we  might  obtain  a  complicated  difierential 
equation  for  w.  It  is  clear,  however,  that  an  adequate  approximation  maybe  obtained 
by  assuming  that  the  lo  in  the  integral  expressing  y  is  the  density  of  meteorites,  all 
of  which  are  of  the  same  size  m ,  arranged  in  a  layer  in  convective  equilibrium,  and 
with  kinetic  energy  of  agitation  at  the  limit  r  =-  a  equal  to  g  Iiq. 

If  this  density  be  written  w,  and  if  v^  be  the  mean  square  of  velocity  of 
agitation  at  radius  r,  we  have,  by  (60),  and  in  consequence  of  the  relationship 
(w/Wo)*  =  (v/vo)^ 


and 

"  K 

Let 

1 

/3 

•  '  G  Tt' 

for  brevity  ;  then,  adopting  the  law  of  frequency  f{x)  =  x  (M  —  x),  as  before,  we 

have  for  the  mean  mass  at  radius  r 

(03) 

where  a  is  equal  to  the  smaller  of  M  and  B. 


j’“x2(M-rr)(^l  -^Jdx 
I  cc  (M  —  x)  ^  dx 
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The  solution  now  becomes  different  according  as  M  or  /3  is  tlie  smaller. 

First,  suppose  M  is  the  smaller.  Then  the  limits  of  integration  are  ]\I  and  0. 
If  we  put 


rr'‘  (  I 
\ 


-\\lx 

13/ 


« + 1  -,i 


,  n.n  —  1  3 
nz-\-  2' 


so  that  the  numerator  and  denominator  of  m  are  easily  integrahle. 


If  now  we  write 


Q=i 


M 


•M  / 

(M  —  a;)  (  1 

0  \ 


-<?•)- I  (2  3)  (1- Cl) 

+  “■  3^  (1  —  Q’’)  +  iV  (1  —  C*') 


=  2/3‘ 


7.1:  u  “  *?  +  sh  “  7^  +  <):fi 


-  !)•  ch  =  2/3”' 


Then,  since  yS  =  (1  —  Q)IM,  we  have 

,,i  _  _  4.  ^  +  f  Qk  —  2Q"  +  tV  Q"-' 

If-  + 

This  expression  has  a  high  order  of  indeterminateness  when  ^  =  1,  but  I  find  that 
when  Q  is  nearly  equal  to  unity 

jvJ  =  2[1  -  T^o  (1  -  Q^)]  iiearly . (65) 

Thus,  the  mean  mass  is  -|-M  where  r  —  a,  which  we  know  to  he  correct. 

Secondly,  suppose  that  yS  is  smaller  than  M.  Then  effecting  the  integrations  in  the 
same  manner  as  before,  we  have 


(64) 


j  (M  —  a;)  ^  dx  =  2yS 


M 


-1  - 


1  /2M 


—  3 


2.8 


(~  - 


MDCCCLXXXIX.  —  A. 


I 
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X  (M  —  ic)  —^dx=  2/3^ 


Therefore, 


or 


9  9 


0  .  i 


'M 

13 


4 

9 


m 


=--W 


M 

/3 


i  1 


J\I 

/3 


771 

AI 


4 

9 


?«' 

M 


vn 


_6_ 

1  1 


9 


(66) 


In  order  to  compute  from  the  formulae,  (59),  (64),  (66),  it  is  necessary  to  make  an 
assumption  as  to  the  value  of  m  the  mass  of  the  meteorites  of  uniform  size  whose 
arrangement  of  density  is  supposed  to  be  the  same  as  that  of  the  heterogeneous 
meteorites. 

We  have  supposed  that  the  law  of  frequency  of  masses  is  known  at  radius  a,  and 
that  the  mean  mass  is  there  equal  to  ^M.  Now,  inside  of  that  radius  the  larger 
masses  are  more  frequent,  and  outside  of  it  the  smaller  masses.  I  suppose,  then,  that 
throughout  the  isothermal  S23here  m  lies  half  way  between  niQ  or  |-M  and  the 
maximum  mass  M,  and  in  the  adiabatic  layer  that  it  lies  half  way  between  niQ  or  -gM 
and  the  minimum  mass  0. 

Thus,  inside  I  take  m  =  |M,  and  outside  m  =  ^M. 

As  we  only  want  to  consider  the  general  nature  of  the  sorting  process,  these 
assumjDtions  will  suffice.  It  may  also  be  remarked  that  a  large  variation  of  m  is 
required  to  make  any  considerable  difference  in  the  numerical  results. 

We  now  have — 

In  the  isothermal  sphere  (where  Wq  =  ^p), 


^=4 
m'  ’ 


P  =  log, ,  , 


w 


In  the  adiabatic  layer, 
M 


=  4 


m 


m 


Tl'.us,  our  formulae  are  : — 

In  the  isothermal  sphere,  from  (59), 


IM  =  mo ; 


3  . 


m 

W'o 


2  6) -2(P+  3) 

p  /w\^ 

j  (P  _  2)  +  (P  +  2) 


(67) 
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in  the  adiabatic  layer, 


when  ^  >  f ,  from  (64), 

^0 

^  TT  -  ^  (?  +  #  g--  -  2  e"  +  tV 
when  —  <  f,  from  (66), 


f i  =  2  _  dl  -  v^/Vq^  _ 

9  (1  -  v2/Vo2)  ■  I  _  V^/Vo" 


(68) 


(69) 


The  values  of  w/^p  and  of  v^Vq^  are  tabulated  in  Table  III.,  and  from  these 
I  compute — - 


isothermal. 

v,f  ^  " 

<* 

( 

^  -V 

( 

=0 

a 

•16 

•48 

•80 

10 

1-09  1-2 

1-33  1-5 

1-71  2-00 

2-21 

2-46 

2-79 

=  1-41 

1-38 

1-22  1 

•11 

1-0 

•92  -83 

•66  -49 

•38  -30 

•27 

•24 

•22 

VIq 

These  values  (togetlier  'with  two  others  in  the  isothermal  part)  are  set  out  in  fig.  2, 
and  show  the  law  of  diminution  of  mean  mass  from  centre  to  outside. 


Fig.  2. 


Diagram  showing  diminution  of  mean  mass  from  cenh'o  to  outside. 

I  2 
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The  evaluation  of  mean  mass  in  the  fringe  (see  §  1  3),  where  collisions  are  supposed 
to  be  non-existent,  is  not  very  difficult,  although  it  involves  some  troublesome  algebra. 
I  do  not  give  the  investigation,  merely  remarking  that  it  leads  to  almost  exactly  the 
same  kind  of  law  of  diminution  of  mean  mass  as  we  have  found  in  the  adiabatic 
layer. 

§  17.  Summary. 

The  first  and  second  sections  only  involved  arguments  of  a  general  character  in 
which  mathematical  analysis  was  unnecessary.  The  reader  who  does  not  wish  to 
concern  himself  with  details  may  therefore  be  supposed  to  have  passed  from  §§  1  and  2 
to  this  Summary. 

In  order  to  submit  the  theory  to  an  adequate  test,  it  is  necessary  to  discuss  some 
definite  case  of  the  aggregation  of  a  swarm  of  meteorites,  and  it  is  obvious  that  the 
only  system  of  which  we  possess  any  knowledge  is  our  own.  It  is  accordingly 
supposed  that  a  number  of  meteorites  have  fallen  together  from  a  condition  of  wide 
dis23ersion,  and  have  ultimately  coalesced  so  as  to  leave  the  Sun  and  planets  as  their 
progeny.  The  object  of  this  paper  is  to  consider  the  mechanical  condition  of  the 
system  after  the  cessation  of  any  considerable  sujjply  of  meteorites  from  outside,  and 
before  the  coalescence  of  the  swarm  into  a  star  with  attendant  planets. 

For  the  sake  of  simplicity,  tbe  meteorites  are  considered  to  be  spherical,  and  are 
treated,  at  least  in  the  first  instance,  as  being  of  uniform  size. 

It  is  assumed  provisionally  that  the  kinetic  theory  of  gases  may  be  applied  for  the 
determination  of  the  distribution  of  the  meteorites  in  space.  No  account  being  taken  of 
the  rotation  of  the  system,  tlie  meteorites  wdll  be  arranged  in  concentric  spherical  layers 
of  equal  density  of  distribution,  and  the  quasi-gas,  whose  molecules  are  meteorites, 
being  compressible,  the  density  will  be  greater  towards  the  centre  of  the  swarm. 

The  elasticity  of  a  gas  depends  on  the  kinetic  energy  of  agitation  of  its  molecules  ; 
and,  therefore,  in  order  to  determine  the  law  of  density  in  the  swarm,  we  must 
know  the  distribution  of  kinetic  energy  of  agitation.  It  is  assumed  that,  when  the 
swarm  comes  under  our  notice,  uniformity  of  distribution  of  energy  has  been  attained 
throughout  a  central  sphere,  which  is  surrounded  by  a  layer  of  meteorites  with  that 
distribution  of  kinetic  energy  which  in  a  gas  corresponds  to  convective  equilibrium. 
In  other  words,  we  have  a  quasi-isothermal  sphere  surrounded  by  what  may  be  called 
an  atmosphere  in  convective  equilibrium,  and  Avith  continuity  of  density  and  velocity 
of  agitation  at  the  sphere  of  separation.  Since  in  a  gas  in  convective  equilibrium 
the  law  connecting  pressure  and  density  is  that  which  holds  when  the  gas  is 
contained  in  a  vessel  impermeable  to  heat,  such  an  arrangement  of  gas  has  been  called 
by  M.  PbiTTER  “  an  isothermal-adiabatic  sphere,”  and  the  same  term  is  adopted  here 
as  applicable  to  a  swarm  of  meteorites.  The  justifiability  of  these  assumptions  will 
be  considered  later. 

The  first  problem  which  presents  itself,  then,  is  the  equilibrium  of  an  isothermal 
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sphere  of  gas  under  its  own  gravitation.  The  law  of  density  is  determined  in  §  4  ; 
but  it  will  here  suffice  to  remark  that,  if  a  given  mass  be  enclosed  in  an  envelope  of 
given  radius,  there  is  a  minimum  temperature  (or  energy  of  agitation)  at  which 
isothermal  equilibrium  is  possible.  The  minimum  energy  of  agitation  is  found 
to  be  such  that  the  mean  square  of  velocity  of  the  meteorites  is  almost  exactly  f 
(viz.  1T917)  of  the  square  of  the  velocity  of  a  satellite  grazing  the  surface  of  the 
sphere  in  a  circular  orbit. 

As  indicated  above,  it  is  supposed  that  in  the  meteor-swarm  the  rigid  envelope 
bounding  the  isothermal  sphere  is  replaced  by  a  layer  of  meteorites  in  convective 
equilibrium.  The  law  of  density  in  the  adiabatic  layer  is  determined  in  §  .G,  and  it 
appears  that,  when  the  isothermal  sphere  has  minimum  temperature,  the  mass  of  the 
adiabatic  atmosphere  is  a  minimum  relatively  to  that  of  the  isothermal  sphere. 
Numerical  calculation  shows,  in  fact,  that  the  isothermal  sphere  cannot  amount  in 
mass  to  more  than  46  per  cent,  of  the  mass  of  the  whole  isothermal-adiabatic  sphere, 
and  that  the  limit  of  the  adiabatic  atmosphere  is  at  a  distance  equal  to  2’786  times 
the  radius  of  the  isothermal  sphere. A  table  of  various  cpiantities  in  such  a  system, 
at  various  distances  from  the  centre,  is  given  in  Table  III.,  §  6. 

It  is  next  proved,  in  §  7,  that  the  total  energy,  existing  in  the  form  of  energy  of 
agitation  in  an  isothermal-adiabatic  sphere,  is  exactly  one-half  of  the  potential  energy 
lost  in  the  concentration  of  the  matter  from  a  condition  of  infinite  dispersion.  This 
result  is  brought  about  by  a  continual  transfer  of  energy  from  a  molar  to  a  molecular 
form,  for  a  portion  of  the  kinetic  energy  of  a  meteorite  is  constantly  being  transferred 
into  the  form  of  thermal  energy  in  the  volatilised  gases  generated  on  collision.  The 
thermal  energy  is  then  lost  by  radiation. 

It  is  impossible  as  yet  to  sum  up  all  the  considerations  which  go  to  justify  the 
assumption  of  the  isothermal-adiabatic  arrangement ;  but  it  is  clear  that  uniformity 
of  kinetic  energy  of  agitation  in  the  isothermal  S2:)here  must  be  j^rincipally  brought 
about  by  a  process  of  difiusion.  It  is,  therefore,  interesting  to  consider  what  amount 
of  inequality  in  the  kinetic  energy  would  have  to  be  smoothed  away. 

The  arrangement  of  density  in  the  isothermal-adiabatic  sphere  being  given,  it  is 
easy  to  compute  what  the  kinetic  energy  would  be  at  any  part  of  the  swarm,  if  each 
meteorite  fell  from  infinity  to  the  neighbourhood  where  we  find  it,  and  there  retained 
all  the  velocity  due  to  such  fall.  The  variation  of  the  square  of  this  velocity  gives  an 
indication  of  the  amount  of  inequality  of  kinetic  energy  which  has  to  be  degraded  by 
conversion  into  heat  and  redistributed  by  diffusion  in  the  attainment  of  uniformity. 
This  may  be  called  “  the  theoretical  value  of  the  kinetic  energy  ;  it  is  tabulated  in 
Table  III.,  on  the  line  called  “square  of  velocity  of  satellite.”  It  rises  from  zero  at 
the  centre  of  the  sphere  to  a  maximum,  which  is  attained  nearly  half  way  through 
the  adiabatic  layer,  and  then  falls  again.  If  the  radius  of  the  isothermal  sj^here  be 
unity,  then  from  to  2  the  variations  of  this  theoretical  value  of  the  kinetic  energy 
*  These  results  had  been  previously  discovered  by  M.  Rittek. 
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are  small.  Since  this  “theoretical  value  of  the  kinetic  energy”  is  zero  at  the  centre, 
there  must  have  been  diffusion  of  energy  from  without  inwards,  and  considerations 
of  the  same  kind  show  that  when  a  planet  consolidates  there  mmst  he  a  cooling  of 
the  middle  strata  both  outwards  and  inwards. 

We  must  now  consider  the  nature  of  the  criterion  which  determines  whether  the 
hydrodynamical  treatment  of  a  swarm  of  meteorites  is  permissible. 

The  hydrodynamical  treatment  of  an  ideal  plenum  of  gas  leads  to  the  same  result 
as  the  kinetic  theory  with  regard  to  any  phenomenon  involving  purely  a  mass,  when 
that  mass  is  a  large  multiple  of  the  mass  of  a  molecule  ;  to  any  phenomenon  involving 
purely  a  length,  when  the  cube  of  that  length  contains  a  large  number  of  molecules ; 
and  to  any  phenomenon  involving  purely  a  time,  when  that  time  is  a  large  multiple 
of  the  mean  interval  between  collisions.  Again,  any  velocity  to  be  justly  deduced 
from  hydrodynamical  principles  must  be  expressible  as  the  edge  of  a  cube  containing 
many  molecules  j^assed  over  in  a  time  containing  many  collisions  of  a  single  molecule  ; 
and  a  similar  statement  must  hold  of  any  other  function  of  mass,  length,  and  time. 

Beyond  these  limits,  we  must  go  l)ack  to  the  kinetic  theory  itself,  and  in  using  it 
care  must  be  taken  that  enough  molecules  ai‘e  considered  at  once  to  impart  statistical 
constancy  to  their  properties. 

There  are  limits,  the]i,  to  the  hydrodynamical  treatment  of  gases,  and  the  like  must 
hold  of  the  parallel  treatment  of  meteorites. 

The  principal  question  involved  in  the  nebular  hypothesis  seems  to  be  the  stability 
of  a  rotating  mass  of  gas  ;  hut,  unfortunately,  this  has  remained  up  to  now  an 
untouched  field  of  mathematical  research.  We  can  only  judge  of  probable  results 
from  the  investigations  which  have  been  nmde  concerning  the  stability  of  a  rotating 
mass  of  liquid.  Now,  it  appears  that  the  instability  of  a  rotating  mass  of  liquid  first 
enters  through  the  graver  modes  of  gravitational  oscillation.  In  the  case  of  a 
rotating  spheroid  of  revolution  the  gravest  mode  of  oscillation  is  an  elliptic  deforma¬ 
tion,  and  its  period  does  not  differ  much  from  that  of  a  satellite  which  revolves  round 
the  spheroid  so  as  to  graze  its  surface.  Hence,  assuming  for  the  moment  that  a 
kinetic  theory  of  liquids  had  been  formulated,  we  should  not  be  justified  in  applying 
the  hydrodynamical  method  to  this  discussion  of  stability  unless  the  periodic  time  of 
such  a  satellite  were  a  large  multiple  of  the  analogue  of  the  mean  free  time  of  a 
molecule  of  liquid.^ 

Carrying,  then,  this  conclusion  on  to  the  kinetic  theory  of  meteorites,  it  seems 
probable  that  liydrodynamical  treatment  must  be  inapplicable  for  the  discussion  of 
such  a  theory  as  the  meteoric-nebular  hypothesis,  unless  a  similar  relation  holds  good. 

These  considerations,  although  of  a  very  general  character,  will  afford  a  criterion  of 
the  applicability  of  hydrodynamics  to  the  discussion  of  the  mechanical  conditions  of  a 
swarm  of  meteorites  in  the  kind  of  problem  suggested  by  the  nebular  hypothesis. 

*  If  the  molecules  of  liqiiid  describe  orbits  about  one  another,  the  analogue  would  probably  be  the 
mean  periodic  time  of  one  molecule  about  another. 


A  SWARM  OF  METEORITES,  ARD  ON  THEORIES  OP  COSMOGONY. 


03 


In  §  9  two  criteria,  suggested  by  this  line  of  thought,  are  found.  They  measure, 
roughly  speaking,  the  degree  of  curvature  of  the  average  path  pursued  by  a  meteorite 
between  two  collisions.  These  two  criteria,  denoted  DjL  and  AjC,  will  afford  a 
measure  of  the  applicability  of  hydrodynamics  in  the  sense  above  indicated. 

After  these  preliminary  investigations,  we  have  to  consider  what  kind  of  meeting 
of  two  meteorites  will  amount  to  an  “  encounter  ”  within  the  meaning  of  the  kinetic 
theory.  Is  it  possible,  in  fact,  that  two  meteorites  can  considerably  bend  their  paths 
under  the  influence  of  gravitation  when  they  pass  near  one  another  ?  This  question 
is  answered  in  §  8,  where  a  formula  is  found  for  the  deflection  of  the  path  of  each  of  a 
pair  of  meteorites,  when,  moving  with  their  mean  relative  velocity,  they  graze  past 
one  another  without  striking.  It  appears  from  the  formuia  that,  unless  tliey  have  the 
dimensions  of  small  planets,  the  mutual  gravitational  influence  is  practically  insensible. 
Hence,  notlnng  short  of  absolute  impact  is  to  be  considered  an  encounter  in  the 
kinetic  theory  ;  and  what  is  called  the  radius  of  “  the  sphere  of  action  ”  is  simply  the 
distance  between  the  centres  of  a  pair  when  they  graze,  and  is,  therefore,  the  sum  of 
their  radii,  or,  if  of  uniform  size,  the  diameter  of  one  of  them. 

The  next  point  to  consider  is  the  mass  and  size  which  must  be  attributed  to  the 
meteorites. 

The  few  samples  which  have  been  found  on  the  earth  prove  that  no  great  error  can 
be  committed  if  the  average  density  of  a  meteoilte  be  taken  as  a  little  less  than  that 
of  iron,  and  I  accordingly  suppose  their  density  to  be  six  times  that  of  water. 

Undoubtedly,  in  a  swarm  of  meteorites  all  sizes  exist  (a  supposition  considered 
hereafter) ;  for,  even  if  originally  of  one  uniform  size,  they  would,  by  subsequent 
fracture,  be  rendered  diverse.  But  in  the  first  consideration  of  the  problem  they  have 
been  treated  as  of  uniform  size,  and,  as  actual  average  sizes  are  nearly  unknown, 
results  are  given  in  the  numerical  table  for  meteorites  w^eighing  3|-  grammes.  By 
merely  shifting  the  decimal  point  one,  two,  or  three  places  to  the  right  the  results 
become  applicable  to  meteorites  weighing  3|-  kilogrammes,  3g-  tonnes,  3125  tonnes, 
and  so  on. 

It  is  knowm  thcit  meteorites  are  actually  of  irregular  shapes,  but  certainly  no 
material  error  can  be  incurred  when  we  treat  them  as  being  spheres. 

The  object  of  all  these  investigations  is  to  apply  the  forraulse  to  a  concrete  example. 
The  mass  of  the  system  is  therefore  taken  as  equal  to  that  of  the  Sun,  and  the  limit 
of  the  swarm  at  any  arbitrary  distance  from  the  present  Sun’s  centre.  The  theory  is, 
of  course,  most  severely  tested  the  wider  the  dispei’sion  of  the  swarm;  and,  accordingly, 
in  the  numerical  example  the  outside  limit  of  the  Solar  swarm  is  taken  at  44^  times 
the  Earth’s  distance  from  the  Sun,  or  further  beyond  the  planet  Neptune  than  Saturn 
is  from  the  Sun.  This  assumption  makes  the  limit  of  the  isothermal  sphere  at 
distance  16,  about  half  way  between  Saturn  and  Uranus. 

The  results,  applicable  to  meteorites  of  3^  grammes,  are  exhibited  in  Table  IV.,  §  10. 

The  velocity  of  mean  square  in  the  isothermal  sphere  is  U(0/5)  of  the  linear  velocity 
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of  a  planet  at  distance  1 6,  revolving  about  a  central  body  with  a  mass  equal  to 
46  per  cent,  of  that  of  the  Sun,  viz.,  5^  kilometres  per  second;  and  in  the  adiabatic 
layer  it  diminishes  down  to  zero  at  distance  44-g-.  This  velocity  is  independent  of  the 
size  of  the  meteorites. 

The  mean  free  path  between  collisions  ranges  from  42,000  kilometres  at  the  centre, 
to  1,300,000  kilometres  at  radius  16,  and  to  infinity  at  radius  44-|-.  The  mean 
interval  between  collisions  ranges  from  a  tenth  of  a  day  at  the  centre,  to  three  days 
at  radius  16,  and  to  infinity  at  radius  44^.  The  criterion  DjL  ranges  from  g-o-^-oo 
the  distance  of  the  asteroids,  to  3-(Tq-^  at  radius  16,  and  to  infinity  at  radius  44^. 
The  criterion  AjC  somewhat  smaller  than  DjL.  All  these  quantities  are  ten  times 
as  great  for  meteorites  of  3-|-  kilogrammes,  and  a  hundred  times  as  great  for  meteorites 
of  3-g-  tonnes. 

From  a  consideration  of  the  table  it  appears  that,  with  meteorites  of  3|  kilogrammes, 
the  collisions  are  sufficiently  frequent,  even  beyond  the  orbit  of  Neptune,  to  allow  the 
kinetic  theory  to  he  applicable  in  the  sense  explained.  But,  if  the  meteorites  weigh 
3|-  tonnes,  the  criteria  cease  to  be  very  small  about  distance  24  ;  and,  if  thej^  weigh 
3125  tonnes,  they  cease  to  be  very  small  at  about  the  orbit  of  Jupiter. 

It  may  be  concluded,  then,  that,  as  far  as  frequency  of  collision  is  concerned,  the 
hydrodynamical  treatment  of  a  swarm  of  meteorites  is  justifiable. 

Although  these  numerical  results  are  necessarily  affected  by  the  conjectural  values 
of  the  mass  and  density  of  the  meteorites,  yet  it  wms  impossible  to  arrive  at  any 
conclusion  whatever  as  to  the  validity  of  the  theoiy  without  numerical  values,  and 
such  a  discussion  as  the  above  was  therefore  necessary.  If  the  particular  values  used 
are  not  such  as  to  commend  themselves  to  the  judgment  of  the  reader,  it  is  easy  to 
substitute  others  in  the  formulm,  and  so  submit  the  theory  to  another  test. 

I  now  pass  on  to  consider  some  results  of  this  view  of  a  swarm  of  meteorites,  and 
to  consider  the  justifiability  of  the  assumption  of  an  isothermal-adiabatic  arrangement 
of  density. 

With  regard  to  the  uniformity  of  distribution  of  kinetic  energy  in  the  isothermal 
sphere,  it  is  important  to  ask  whether  or  not  sufficient  time  can  have  elapsed  in  the 
history  of  the  system  to  allow  of  the  equalisation  by  diffusion. 

In  §  11  the  rate  of  diffusion  of  the  kinetic  energy  of  agitation  is  considered,  and  it 
is  shown  that,  in  the  case  of  our  numerical  example,  primitive  inequalities  of  distribu¬ 
tion  would,  in  a  few  thousand  years,  be  sensibly  equalised  over  a  distance  some  ten 
times  as  great  as  our  distance  from  the  Sun.  This  result,  then,  goes  to  show  that  we 
are  justified  in  assuming  an  isothermal  sphere  as  the  centre  of  the  swarm.  As,  how¬ 
ever,  the  swarm  contracts,  the  rate  of  diffusion  duninishes  as  the  inverse  power  of 
its  linear  dimensions,  whilst  the  rate  of  generation  of  inequalities  of  distribution  of 
kinetic  energy,  through  the  imperfect  elasticity  of  the  meteorites,  increases.  Hence, 
in  a  late  stage  of  the  swarm  inequalities  of  kinetic  energy  would  be  set  up  ;  thus, 
there  ^vould  be  a  tendency  to  the  production  of  convective  currents,  and  the  whole 
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swarm  would  probably  settle  down  ^to  the  condition  of  convective  ecjuilibrium 
throughout. 

It  may  be  conjectured,  then,  that  the  best  hypothesis  in  the  early  stages  of  the 
swarm  is  the  isothermal  adiabatic  arrangement,  and  later  an  adiabatic  sphere.  It  has 
not  seemed  to  me  worth  while  to  discuss  the  latter  hypothesis  in  detail  at  present. 

The  investigation  of  §  1 1  also  gives  the  coefficient  of  viscosity  of  the  quasi-gas,  and 
shows  that  it  is  so  great  that  the  meteor-swarm  must,  if  rotating,  revolve  nearly 
without  relative  motion  of  its  parts,  other  tlian  the  motion  of  agitation.  But,  as  the 
viscosity  diminishes  when  the  swarm  contracts,  this  would  probably  not  be  true  in  the 
later  stages  of  its  history,  and  the  central  portion  would  probably  rotate  more 
rapidly  than  the  outside.  It  forjns,  however,  no  part  of  the  scope  of  this  paper  to 
consider  the  rotation  of  the  system. 

In  §  12  the  rate  of  loss  of  kinetic  energy  through  imperfect  elasticity  is  considered, 
and  it  appears  that  the  rate  estimated  per  unit  time  and  volume  must  vary  directly 
as  the  square  of  the  quasi-pressure  and  inversely  as  the  mean  velocity  of  agitation. 
Since  the  kinetic  energy  lost  is  taken  up  in  volatilising  solid  matter,  it  follows  that 
the  heat  generated  must  follow  the  same  law.  The  mean  temperature  of  the  gases 
generated  in  any  part  of  the  swarm  depends  on  a  great  variety  of  circumstances,  but 
it  seems  probable  that  its  variation  would  be  according  to  some  law  of  the  same  kind. 
Thus,  if  the  spectroscope  enables  us  to  form  an  idea  of  the  temperature  in  various 
parts  of  a  nebula,  we  shall  at  the  same  time  obtain  some  idea  of  the  distribution  of 
density. 

It  has  been  assumed  that  the  outer  portion  of  the  swarm  is  in  convective 
equilibrium,  and  therefore  there  is  a  definite  limit  beyond  which  it  cannot  extend. 
Now,  a  medium  can  only  be  said  to  be  in  convective  equilibrium  when  it  obeys  the 
laws  of  gases,  and  the  applicability  of  those  laws  depends  on  the  frequency  of  collisions. 
But  at  the  boundary  of  the  adiabatic  layer  the  velocity  of  agitation  vanishes,  and 
collisions  become  infinitely  rare.  These  two  propositions  are  mutually  destructive  of 
one  another,  and  it  is  impossible  to  push  the  conception  of  convective  equilibrium  to 
its  logical  conclusion.  There  must,  in  fact,  be  some  degree  of  rarity  of  density,  and  of 
collisions,  at  which  the  statistical  treatment  of  the  medium  breaks  down. 

I  have  sought  to  obtain  some  representation  of  the  state  of  things  by  supposing 
that  collisions  never  occur  beyond  a  certain  distance  fi’om  the  centre  of  the  swarm. 
Then,  from  every  point  of  the  surface  of  the  sphere,  which  limits  the  regions  of 
collisions,  a  fountain  of  meteorites  is  shot  out,  in  all  azimuths  and  inclinations  to  the 
vertical,  and  with  velocities  grouped  about  a  mean  according  to  the  law  of  error. 
These  meteorites  ascend  to  various  heights  without  collision,  and,  in  falling  back  on  to 
the  limiting  sphere,  cannonade  its  surface,  so  as  to  counterbalance  the  hydrostatic 
pressure  at  the  limiting  sphere. 

The  distribution  of  meteorites,  thus  shot  out,  is  investigated  in  §  13,  and  it  is 
found  that  near  tbe  limiting  sphere  the  decrease  in  density  is  somewhat  more  rapid 
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than  tlie  decrease  corresponding  to  convective  equilibrium.  But  at  more  remote 
distances  the  decrease  is  less  rapid,  and  the  density  ultimately  tends  to  vary  inversely 
as  the  square  of  the  distance  from  the  centre. 

It  is  clear,  then,  that,  according  to  this  hypothesis,  the  mass  of  the  system  is  infinite 
in  a  mathematical  sense,  for  the  existence  of  meteorites  with  nearly  parabolic  and 
hyperbolic  orbits  necessitates  an  infinite  number,  if  the  loss  of  the  system  shall  be 
made  good  by  the  supply.* 

But,  if  we  consider  the  subject  from  a  physical  point  of  view,  this  conclusion 
appears  unobjectionable.  The  ejection  of  molecules  with  exceptionally  high  velocities 
from  the  surface  of  a  liquid  is  called  evaporation,  and  the  absorption  of  others  is  called 
condensation.  The  general  history  of  a  swarm,  as  stated  in  §  2,  may  then  be  put  in 
different  words,  for  we  may  say  that  at  first  a  swarm  gains  by  condensation,  that 
condensation  and  evaporation  balance,  and,  finally,  that  evaporation  gains  the  day. 

If  the  hypothesis  of  convective  equilibrium  be  pushed  to  its  logical  conclusion,  we 
reach  a  definite  limit  to  the  swarm,  whereas,  if  collisions  be  entirely  annulled,  the 
density  goes  on  decreasing  inversely  as  the  square  of  the  distance.  The  truth  must 
clearly  lie  betwmen  these  two  hyjootheses.  It  is  thus  certain  that  even  the  very  small 
amount  of  evaporation  shown  by  the  formulae  derived  from  the  hypothesis  of  no 
collisions  must  be  in  excess  of  the  truth ;  and  it  may  be  that  there  are  enough  wmifs 
and  strays  in  space,  ejected  from  other  systems,  to  make  up  for  the  loss.  Whether  or 
not  the  compensation  is  perfect,  a  swarm  of  meteorites  would  pursue  its  evolution 
without  being  sensibly  affected  by  a  slow  evaporation. 

Up  to  this  point  the  meteorites  have  been  considered  as  of  uniform  size,  but  it  is 
well  to  examine  the  more  truthful  hypothesis,  that  they  are  of  all  sizes,  grouped  about 
a  mean  according  to  a  law  of  error. 

It  appears,  from  the  investigation  in  §  14,  that  the  larger  stones  move  slower,  the 
smaller  ones  faster ;  and  the  law  is  that  the  mean  kinetic  energy  is  the  same  for  all 
sizes. 

It  is  proved  that  the  mean  path  between  collisions  is  shorter  in  the  proportion  of 
7  to  11,  and  the  mean  frequency  greater  in  the  proportion  of  4  to  3,  than  if  the 
meteorites  were  of  uniform  mass,  equal  to  their  mean.  Hence,  the  previous  numerical 
results  for  uniform  size  are  applicable  to  non-uniform  meteorites  of  mean  mass  about 
a  third  greater  than  the  uniform  mass ;  for  example,  the  results  for  uniform 
meteorites  of  3|-  tonnes  apply  to  non-uniform  ones  of  mean  mass,  a  little  over  4 
tonnes. 

The  means  here  spoken  of  refer  to  all  sizes  grouped  together,  but  there  are  a  separate 
mean  free  path  and  a  mean  frecjuency  appropriate  to  each  size.  These  are  investigated 

[*  It  must  also  be  borne  in  mind  that  the  very  high  velocities,  which  occur  occasionally  in  a  medium 
with  perfectly  elastic  molecules,  must  happen  with  great  I’arity  amongst  meteorites.  An  impact  of  such 
violence  that  it  ought  to  generate  a  hyperbolic  velocity  will  probably  merely  cause  fracture. — Added 
Nov.  28,  1888.] 
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in  §  15,  and  their  various  values  are  illustrated  in  fig.  1.  The  horizontal  scale  in  that 
figure  gives  the  ratio  of  the  radius  of  each  size  to  the  radius  of  the  meteorite  of  mean 
mass.  The  vertical  scales  are  the  ratio  of  the  mean  free  path  of  any  size  to  that  of 
all  sizes  together,  and  the  ratio  of  the  mean  frequency  for  any  size  to  that  of  all  sizes 
together.  The  figure  shows  that  collisions  become  infinitely  frequent  for  the  infinitely 
small  ones,  because  of  their  infinite  velocity ;  and  again  infinitely  frequent  for  the 
infinitely  large  ones,  because  of  their  infinite  size.  There  is  a  minimum  frequency  of 
collision  for  a  certain  size,  a  little  less  in  radius  than  the  mean,  and  considerably  less 
in  mass  than  the  mean  mass. 

For  infinitely  small  meteorites,  the  mean  free  path  reaches  a  finite  limit,  equal  to 
about  four  times  the  grand  mean  free  path ;  but  this  could  not  be  shown  in  the  figure 
without  a  considerable  extension  of  it  upwards.  For  infinitely  large  ones,- the  mean 
free  path  becomes  infinitely  short.  It  must  be  borne  in  mind  that  there  are  infinitely 
few  of  the  infinitely  large  and  small  meteorites. 

Variety  of  size  does  not,  then,  so  far,  materially  affect  the  results. 

But  a  difference  arises  when  we  come  to  consider  the  different  parts  of  the  swarm. 
The  larger  meteorites,  moving  with  smaller  velocities,  form  a  quasi-gas  of  less  elasticity 
than  do  the  smaller  ones.  Hence,  the  larger  meteorites  are  more  condensed  towards 
the  centre  than  are  the  smaller  ones,  or  the  large  ones  have  a  tendency  to  sink  down, 
whilst  the  small  ones  have  a  tendency  to  rise.  Accordingly,  the  various  kinds  are  to 
some  extent  sorted  according  to  size. 

In  §  16,  an  investigation  is  made  of  the  mean  mass  of  the  meteorites  at  various 
distances  from  the  centre,  both  inside  and  outside  of  the  isothermal  sphere,  and  fig.  2 
is  drawn  to  illustrate  the  law  of  diminution  of  mean  mass. 

It  is  also  clear  that  the  loss  of  the  system  through  evaporation  must  fall  more 
heavily  on  the  small  meteorites  than  on  the  large  ones. 

After  the  foregoing  summary,  it  will  be  well  to  briefly  recapitulate  the  principal 
conclusions  which  seem  to  be  legitimately  deducible  from  the  whole  investigation ; 
and,  in  this  recapitulation,  qualifications  must  necessarily  be  omitted,  or  stated  with 
great  brevity. 

When  two  meteorites  are  in  collision,  they  are  virtually  highly  elastic,  although 
ordinary  elasticity  must  be  nearly  inoperative. 

A  swarm  of  meteorites  is  analogous  with  a  gas,  and  the  laws  governing  gases  may 
be  applied  to  the  discussion  of  its  mechanical  properties.  This  is  true  of  the  swarm 
from  which  the  Solar  system  was  formed,  when  it  extended  beyond  the  orbit  of  the 
planet  Neptune. 

When  the  swarm  was  very  widely  dispersed,  the  arrangement  of  density  and  of 
velocity  of  agitation  of  the  meteorites  was  that  of  an  isothermal -adiabatic  sphere. 
Later  in  its  history,  when  the  swarm  had  contracted,  it  was  probably  throughout  in 
convective  equilibrium. 

The  actual  mean  velocity  of  the  meteorites  is  determinable  in  a  swarm  of  given 
mass,  when  expanded  to  a  given  extent. 
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The  total  energy  of  agitation  in  an  isothermal-adiabatic  sphere  is  half  the  potential 
energy  lost  in  the  concentration  from  a  condition  of  infinite  dispersion. 

The  half  of  the  potential  energy  lost,  which  does  not  reappear  as  kinetic  energy  of 
agitation,  is  expended  in  volatilising  solid  matter  and  heating  the  gases  produced 
on  the  impact  of  meteorites.  The  heat  so  generated  is  gradually  lost  by  radiation. 

The  amount  of  heat  generated  per  unit  time  and  volume  varies  as  the  square  of 
the  quasi-hydrostatic  pressure,  and  inversely  as  the  mean  velocity  of  agitation.  The 
temperature  of  the  gases  volatilised  probably  varies  by  some  law  of  the  same  nature. 

The  path  of  the  meteorites  is  approximately  straight,  except  when  abruptly 
deflected  by  a  collision  with  another.  This  ceases  to  be  true  at  the  outskirts  of 
the  swarm,  where  the  collisions  have  become  rare.  The  meteorites  here  describe 
orbits,  under  gravity,  which  are  approximately  elliptic,  parabolic,  and  hyperbolic. 

In  this  fringe  to  the  swarm  the  distribution  of  density  ceases  to  be  that  of  a  gas 
under  gravity,  and,  as  we  recede  from  the  centre,  the  density  at  fii’st  decreases  more 
rapidly,  and  afterwards  less  rapidly,  than  if  the  medium  were  a  gas. 

Throughout  all  stages  of  the  history  of  a  swarm  there  is  a  sort  of  evaporation,  by 
which  the  swarm  very  slowly  loses  in  mass,  but  this  loss  is  more  or  less  counter¬ 
balanced  by  condensation.  In  the  early  stages,  the  gain  by  condensation  outbalances 
the  loss  by  evaporation  ;  they  then  equilibrate  ;  and,  finally,  the  evaporation  may  be 
greater  than  the  condensation. 

Throughout  the  swarm  the  meteorites  are  partially  sorted,  according  to  size.  As 
we  recede  from  the  centre,  the  number  of  small  ones  preponderates  more  and  more 
and,  thus,  the  mean  mass  continually  diminishes  with  increasing  distance.  The  loss 
to  the  system  by  evaporation  fails  principally  on  the  smaller  meteorites. 

A.  meteor-swarm  is  subject  to  gaseous  viscosity,  which  is  greater  the  more  widely 
diffused  is  the  swarm.  In  consequence  of  this,  a  widely  extended  swarm,  if  in 
rotation,  wdll  revolve  like  a  rigid  body,  without  relative  movement  of  its  parts. 
Later  in  its  history,  the  viscosity  will,  probably,  not  suffice  to  secure  uniformity  of 
rotation,  and  the  central  portion  will  revolve  more  rapidly  than  the  outside. 

[The  kinetic  theory  of  meteorites  may  be  held  to  present  a  fair  approximation  to 
the  truth  in  the  earlier  stages  of  the  evolution  of  the  system.  But  ultimately  the 
majority  of  the  meteors  must  have  been  absorbed  by  the  central  Sun  and  its  attendant 
planets,  and  amongst  the  meteors  which  remain  free  the  relative  motion  of  agitation 
must  have  been  largely  diminished.  These  free  meteorites — the  dust  and  refuse  of 
the  system — probably  move  in  clouds,  but  with  so  little  remaining  motion  of  agitation 
that  (except,  perhaps,  near  the  perihelion  of  very  eccentric  orbits)  it  would  scarcely 
be  permissible  to  treat  the  cloud  as  in  any  respects  possessing  the  mechanical 
properties  of  a  gas.*] 

The  value  of  this  whole  investigation  will  appear  very  different  to  different  minds. 
To  some  it  will  stand  condemned,  as  altogether  too  speculative  ;  others  may  think  that 


*  Added  Nov.  23,  1888. 
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it  is  better  to  risk  error  on  the  chance  of  winning  truth,  lb  me,  at  least,  it  appears 
that  the  line  of  thought  flows  in  a  true  channel;  that  it  may  help  to  give  a  meaning 
to  the  observations  of  the  spectroscopist ;  and  that  many  interesting  problems,  here 
barely  alluded  to,  may,  perliaps,  be  solved  with  sufficient  completeness  to  throw  light 
on  the  evolution  of  nebulse  and  of  planetary  systems. 
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II.  A  Class  of  Functional  Invariants. 

By  A.  B.  Forsyth,  M.A.,  F.R.S.,  Felloiv  of  Trinity  College,  Cambridge. 

Received  March  7, — Read  March  15,  1888. 

The  investigations  herein  contained  are  indirectly  connected  with  some  results  in  an 
earlier  memoir.*  In  that  memou-  functions  called  quotient-derivatives  are  obtained 
in  the  form  of  certain  combinations  of  differential  coefficients  of  a  quantity  y  dependent 
on  a  single  independent  variable  x ;  and  they  are  there  shown  to  possess  the  property 
of  invariance  for  isolated  homographic  transformations  of  the  dependent  and  the  inde¬ 
pendent  variables.  It  is  evident,  however,  from  their  form  that  they  do  not  constitute 
the  complete  aggregate  of  irreducible  invariants  for  the  case  of  a  single  independent 
variable ;  and  the  deduction  of  this  aggregate  and  an  investigation  of  the  relation  in 
which  they  stand  to  a  particular  class  of  reciprocants  were  made  in  a  subsequent 
paper.t  The  present  memoir  is  a  continuation  of  the  theory  of  functional  invariants, 
the  invariants  herein  considered  being  constituted  by  combinations  of  the  differential 
coefficients  of  a  function  of  more  than  one  independent  variable  which  are  such  that, 
when  the  independent  variables  are  transformed,  each  combination  is  reproduced  save 
as  to  a  factor  depending  on  the  transformations  to  which  the  variables  are  subjected. 
The  transformations,  in  the  case  of  which  any  detailed  results  are  given,  are  of  the 
general  homographic  type ;  and  the  investigations  are  limited  to  invariantive  deriva¬ 
tives  of  a  function  of  two  independent  variables  only,  a  limitation  introduced  partly 
for  the  sake  of  conciseness.  The  characteristic  properties,  such  as  the  symmetry  of 
the  invariants  and  the  forms  of  the  simultaneous  linear  partial  differential  equations 
satisfied  by  them,  can  in  the  case  of  more  than  two  independent  variables  be  inferred 
from  the  properties  actually  given  ;  but  many  of  the  deductions  made  are  necessarily 
proper  to  functions  of  only  two  independent  variables. 

In  the  matter  of  notation  it  is  convenient  here  to  state  that  the  independent 
variables  are  denoted  by  x  and  y,  and  the  dependent  variable  by  2.  The  general 
differential  coefficient  +  is  represented  by  but  frequently  the  following 

modifications  for  the  notation  of  particular  coefficients  are  made,  viz.  : 

2),  q  replace  z^q,  : 

r,  s,  t  replace  z^q,  ^03 : 

a,  h,  c,d  .  .  .  Z30,  Zjj,  z^.2,  203  • 

9’  ■  •  •  ^405  ^31’  ^22’  ^13>  ^04* 

*  “  Invariants,  Covariants,  and  Quotient-Derivatives  associated  witli  Linear  Differential  Equations,” 
‘  Phil.  Trans.,’  A,  1888,  pp.  377-489. 

t  “  HomograpLic  Invariants  and  Quotient-Derivatives,”  ‘  Mess,  of  Math.,’  vol.  17  (1888),  pp.  154-192. 
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respectively.  The  transformed  independent  variables  are  denoted  by  X  and  Y ;  and 
quantities  bearing  to  them  the  same  relation  as  the  foregoing  bear  to  x  and  y  are 
denoted  by  P,  Q,  .  .  .  .  And  in  three  different  instances  it  has  been  necessary, 
for  the  sake  of  uniformity  of  notation  for  similar  successions  of  quantities,  to  use 
different  symbols  for  the  same  quantity  occurring  in  different  successions ;  these  are 

=  -L  (§§  3.  12).  =  -  Ai  (§§  12,  13),  Mia  =  A  (§§  16,  17). 

The  general  results  of  the  memoir  may  be  stated  as  follows  : — 

Every  invariant  is  explicitly  free  from  the  variables  themselves,  viz.,  the  dependent 
and  the  two  [iii\  independent  variables  ;  it  is  homogeneous  in  the  differential  coefficients 
of  the  dependent  variable  ;  it  is  of  uniform  grade  in  differentiations  with  regard  to 
each  of  the  dependent  variables,  and  it  is  either  symmetric  or  skew  symmetric  with 
regard  to  such  differentiations. 

It  satisfies  six  [m^  +  iii\  linear  partial  differential  equations,  all  of  the  first  order,  of 
which  four  \yn^'\  are  characteristic  equations  and  determine  the  form  of  the  invariant, 
and  the  remaining  two  are  index  equations  and  are  identically  satisfied  when  the 
form  is  known  and  the  index  is  derived  by  inspection  from  the  form. 

Every  invariant  involves  the  two  [in]  differential  coefficients  of  the  first  order. 

The  following  results  relative  to  irreducible  invariants  derived  from  a  single 
dependent  variable  z  are  given  : — The  invariants  can  be  ranged  in  sets,  each  set  being 
proper'"'  to  a  particular  rank.  There  ]S  no  invariant  proper  to  the  rank  1  ;  there  is 
one  proper  to  the  rank  2  ;  there  are  three  invariants  proper  to  the  rank  3  ;  and, 
for  a  value  of  n  greater  than  3,  there  are  n-\-  1  invariants  proper  to  the  rank  n,  which 
can  be  chosen  so  as  to  be  linear  in  the  differential  coefficients  of  order  n.  Every 
invariant  can  be  expressed  in  terms  of  these  irreducible  invariants  ;  and  the  expres¬ 
sion  involves  invariants  of  rank  no  higher  than  the  order  of  the  highest  differential 
coefficient  which  occurs  in  that  invariant. 

In  the  case  of  irreducible  invariants,  involving  differential  coefficients  of  tivo 
dependent  variables,  it  is  shown  that  there  is  a  single  one  proper  to  the  rank  1,  and 
that  there  are  four  proper  to  the  rank  2. 

Some  eductive  operators  are  given  ;  and  in  one  case  the  eclucts  are  discussed  so  as 
to  select  those  of  the  invariants  thus  obtained  which  are  evidently  reducible.  Some 
general  results  analogous  to  reversor  operations  are  derived. 

Finally,  it  is  shown  how  the  theory  of  binary  forms  can  be  partly  connected  with 
the  theory  of  functional  invariants  ;  for  functional  invariants  are  expressible  in  terms 
of  the  simultaneous  concomitants  of  a  certain  set  of  quantities,  viewed  as  binary 
quantics  of  successive  orders  in  q  and  —  qi  as  variables. 

[Note  added  December  5,  1888. t — The  invariants  in  the  present  memoir  are  distinct 

*  An  invariant  is  said  to  be  proper  to  the  rank  n  when  the  highest  differential  coefficient  of  z 
occurring  in  it  is  of  order  n. 

t  This  addition  is  due  to  a  desire  which  has  been  expressed  that  some  indication  should  be  given  of 
the  difference  between  tlie  functions  considered  in  the  present  memoir  and  invariautive  functions  of 
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in  character  from  tlie  differential  invariants  of  M.  Halphen  and  the  ternary  recipro- 
cants  of  Mr.  Elliott. 

The  earliest  record  of  M.  Halphen’s  investigations  is  his  well-known  thesis,  * 
wherein  he  considers  the  invariance  of  a  differential  equation  /{x,  y,  y' ,  y",  .  .  .  )  =  0, 
when  the  single  independent  variable  x  and  the  single  dependent  variable  y  are 
(p.  20,  loG.  cit.)  subjected  to  the  transformation 

X  _  Y _ I 

ax  H-  by  -p  c  a'x  h'y  +  c'  a!'x  -f  b"y  -h  c" 

The  only  reference  in  the  thesis  to  the  case  of  three  variables  is  (p.  60)  in  the 
concluding  paragraph,  where  it  is  said  that  the  theory  can  be  extended  to  the  case  of 
one  dependent  variable  2  and  two  dependent  variables  x  and  y,  the  transformation 
suggested,  but  not  explicitly  stated,  being 

X  _  _ Y _ _ Z _ 1 _ 

ax  +  ySy  -f-  7^  -f-  8  ax  +  j3'y  +  y' z  8'  a'x  -f  13" y  +  y"z  -p  8"  a"x  -H  ^'"y  -f-  <y'''z  +  S'" 

M.  Halphen,  again,  t  considers  differential  invariants,  in  which  the  last  trans¬ 
formation  is  effected  on  functions  of  the  three  variables  ;  but  in  this  investigation 
y  and  2;  are  taken  to  be  two  dependent  variables  of  the  single  independent  variable  x. 

Mr.  Elliott’s  theory  |  of  ternary  reciprocants  is  closely  connected  with  the  con¬ 
cluding  paragraph  of  M.  Halphen’s  thesis ;  the  functions  are  invariantive  for  inter¬ 
changes  of  z,  X,  y,  where  z  is  a  variable  dependent  on  x  and  y  ;  and  the  pure  reciprocants 
are  invariantive  for  the  above-suggested  transformations. 

The  theory  in  this  memoir  deals  almost  entirely  with  the  case  of  three  variables, 
z,  X,  y,  where  z  is  a  dependent  variable,  and  x  and  y  are  independent  variables.  The 
transformations,  through  which  the  invariance  is  maintained,  refer  to  the  independent 
variables  only  ;  they  are — 

x  y  1 

«i  -I-  yS^X  +  7iY  +  AX  +  «3  +  AX  -t  73Y 

The  dependent  variable  is  left  untransformed ;  it  does  not  enter  into  the  equations  of 
transformation. 

It  follows,  from  the  difference  between  the  transformation  in  the  theory  here 


other  classes,  such  as  the  differential  invariants  of  M.  Halphen  and  the  ternary  reciprocants  of  Mr. 
Elliott. 

*  ‘  Sur  les  Invariants  Differentiels,’  Paris,  1878. 

t  “  Sur  les  Invariants  Differentiels  des  Courbes  gauches,”  ‘  Journ.  de  I’Ecole  Polytechnique,'  vol.  28’ 

1880,  pp.  1-102. 

t  “On  Ternary  and  n-ary  Reciprocants,”  ‘London  Math.  Soc.  Proc.’  vol.  17  (1886),  pp.  171-196; 
“  On  the  Linear  Partial  Differential  Equations  satisfied  by  pure  Ternary  Reciprocants,”  ibid.,  vol.  18 
(1887),  pp.  142—164;  “On  pui-e  Ternary  Reciprocants  and  Functions  allied  to  them,”  ibid.,  vol.  19 
(1888),  pp.  6-23. 
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exposed  in  which  the  dependent  variable  does  not  enter  into  the  equations  of  trans¬ 
formation,  and  the  transformations  above  indicated  in  which  the  occurrence  of  the 
dependent  variable  in  the  equations  of  transformation  is  essential,  that  different 
results  will  be  obtained.  Two  examples  will  suffice.  First,  a  comparison  of  the 
'characteristic  equations  of  Elliott’s  reciprocants  and  of  those  characteristic  of  the 
present  functional  invariants  may  be  made  from  the  forms  expressed  in  the  notations 
of  this  memoir  : — 


Annihilators  of  Elliott’s  reciprocants. 

fli  =  ,-®+2s|  +  a|  +  2(.|  +  3c|^+.. 


-  *  0s  +  I  +  a,  +  I  +  3''  S  + 


-  El  _  -  ^  +  3i-  g®  +  2s  I  +  (  g® 

+  4a£  +  36|  +  2o|-  +  cZ^^  + 


-Eij--fs  +  rg^^+2s|  +  3<| 

+ “  s + 1+ a;. + S + 


Y  =  S  +  (’■*  +  2s=)  I  +  Sst  I 


Annihilators  of  Invariants  in  this  memoir. 

0 


0 


a 

dt 


A3-2a^,+«S+2^a,. 


no=-3X+22>|  +  jg| 

+  6a£H-56g®j  +  4c|+3c«|-^  +  .. 

0  0 

ni=-3X  +  pg-+2gg-^ 

+  2'-|.+  3s|+«| 

+  3n£  +  46|+5c|+6(i|^+.. 


/  0  ^  0  ^ 

Ai=l(2  3-+2i>g-] 


+"l*a^+2®a^+®’’s;)+ 


^s=i(r|+‘2j| 


+  21’-al+2‘a  +  3qj+.. 
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Second,  as  an  inference  from  the  equations  =  0,  =  0,  in  Elliott’s  theory,  it 

follows  that  all  pure  reciprocants  are  invariants  of  the  binary  quantics  (r,  s,  rjf, 

[a,  b,  c,  rjY,  .  . .  — but  all  invariants  are  not  reciprocants — and  that  there  are  no 

covariants  among  these  reciprocants.  From  the  equations  =0,  Ag  =  0,  in  the 
present  theory  it  follows  that  all  the  functional  invariants  are  algebraical  covariants 
of  the  binary  quantics  (r,  5,  i X c,  d\q,—  pf, .  .  .  — but  not  all  alge¬ 
braical  covariants  are  functional  invariants ;  and,  from  the  other  equations,  that  no 
algebraical  invariants  of  these  quantics  are  functional  invariants.  In  particular, 
rt  —  5^  is  a  reciprocant,  but  not  a  functional  invariant ;  gh’  —  2pqs  -j-  pH  is  a  functional 
invariant,  but  not  a  reciprocant.] 


Isolated  Transformations. 


1.  We  may  briefly  consider  functions  which  are  invariantive  for  merely  isolated 
changes  of  the  independent  variables,  that  is,  for  changes  which  are  effected  by  one 
relation  between  x  and  X  only,  and  one  relation  between  y  and  Y  only.  For  such 
transformations  we  have 


P  =  ^3 


dx 

dX 


S  =  s 


dx  dy 
dXdY 


so  that  s  ~  pq  is  an  absolute  invariant.  Again, 


0  _  dx  d  0  _  dy  0 

^~dYdy' 


so  that  ^|p>  0/003  and  Ijq  0/0y  are  absolute  invariantive  operators,  which,  when  applied 
to  absolute  invariants,  will  produce  absolute  invariants.  We  therefore  have  the 


series 


P<1  ’ 


M(s)’ 

J- 

qj  bx  q  by]  pq  ’ 


w(-)’ 

q  by  \pq! 
qby  p  bxj  pq 


and  so  on.  The  operators  1/p  bjbx  and  Ijq  bjby  may  be  applied,  any  number  of  times 
in  any  order,  to  the  absolute  invariant  s/pq  (or  any  other  invariant  which  is  absolute), 
and  the  result  will  be  an  absolute  invariant. 

These  invariants  possess  their  property  for  any  general  isolated  transformations  of  x 
and  y ;  but,  if  special  isolated  transformations  are  efiected  on  x  and  on  y,  e.g.,  the 
homographic  transformations  of  the  form 


aX+h  a'Y  +  h' 

cX.  +  d  cY  +  d 

L  2 
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additional  invariants  will  be  introduced.  For  instance,  we  then  have 


_  ^30  ho  '1-20^  ^  JB  (2)  ^03^01  ^^02  ^ 

both  absolute  invariants ;  in  the  former  the  variation  of  y,  and  in  the  latter  the 
variation  of  x,  do  not  come  into  consideration.  From  these  v/e  can  derive  a  series  of 
educts  by  the  application  of  combinations  of  the  absolute  invariantive  operators 
Ij'P  djdx  and  l/q  d/dy.  When  any  such  educt  is  invariantive,  say 


we  may  obtain  from  it  other  invariants  by  taking  as  the  function,  the  differential 
coefficients  of  which  are  to  enter,  not  2;,  but  any  educt  which  is  an  absolute  invariant. 
All  such  invariants,  however,  thus  obtained  are  expressible  in  terms  of  the  educts 
obtained  from  A(2;)  and  B  (z)  by  repeated  application  of  Ijp  djdx  and  Ijq  djdy  in  all 
possible  combinations.  Thus,  it  is  easy  to  verify  that  if  I  be  any  absolute  invariant, 
and  Ij,  lo,  I3  its  first,  second,  and  third  educts  due  to  successive  operations  on 
I  by  Ijp  didx,  the  equation 


A(I)  = 


Id 


A(y) 

Id 


is  satisfied  ;  and  the  law  is  general. 

2.  Nor  is  it  necessary  to  consider  in  any  detail  functions  of  the  differential  coeffi¬ 
cients  of  z,  which  are  invariantive  for  isolated  transformation  of  the  dependent 
variable ;  that  is,  for  a  transformation  which  connects  z  with  a  new  variable 
without  regard  to  the  dependent  variables.  Such  a  transformation  can  be  effected  by 
means  of  an  equation, 

(z,  C)  =  0  ; 

and  we  then  have 


‘-01 


clz 

01  df- 


no 


=  £  -■ 


Since  dz/c/^  is  determinate  from  the  transforming  equation,  it  follows  that 


‘01 


no 


is  an  absolute  invariant  for  the  transformations  at  present  under  consideration. 
Moreover,  in  the  present  case  dfx  and  d/dy  are  absolute  invariantive  operators  ;  and 
therefore 
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will,  for  all  values  of  m  and  n,  be  an  absolute  invariant.  Thus,  taking  in  succession 
m  =  1  and  =  0,  and  m  =  0  and  n  =  1,  we  have 


-^10 '^11  ^01^20 


and 


^10^02 


"10 


0- 


10 


the  former  of  which,  multiplied  by  ZqiAio  subtracted  from  the  latter,  gives 


^%hohi  ~t  ho^^o2 


no 


as  an  absolute  invariant,  or  ^10^  ^20  2^01  ^10  ^11  as  a  relative  invariant,  for  the 

present  transformation. 


General  Transformation. 

3.  We  now  proceed  to  the  consideration  of  functions  which  are  invariantive  for  the 
general  simultaneous  homographic  transformation  of  the  independent  variables  repre¬ 
sented  by 

_  y  _  1 _ 

aj  +  /3iX  +  7jY  aj  +  /SaX  +  YjY  «3  -|-  ySgX  +  73Y 

As  it  will  be  convenient  to  have  some  one  invariant  at  least,  a  relative  invariant  for 
these  transformations  can  be  obtained  as  follows.  An  integral  relation  given  by 

a  hx  +  cy  _  u 

a'  +  h'x  -f-  c'y  v 

reproduces  itself  in  form  when  the  independent  variables  are  subjected  to  the  above 
transformation  ;  and  the  differential  equation  which  is  the  equivalent  of  this  integral 
relation  will,  therefore,  also  reproduce  itself,  and  so  will  furnish  an  invariant. 

Now,  both  u  and  v  satisfy  the  three  equations 

—  -  n  —  0  —  -  0  • 

dx^  ’  dxdy  ’  87^  ’ 

and  therefore,  substituting  vz  as  the  value  of  n  in  these,  we  have 

0  =  z^qV  +  22:10^10, 

0  =  Z^^V  +  2io%  +  Zoi'*^10> 

0  =  +  22opyoi- 

The  elimination  of  v,  v-^q,  between  these  leads  to  the  result 
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0  = 


205 


22-105  0 


^Jl5  ^Iqi,  ZiQ 

^025  2Zoi 


-  2  (201^2:20  +  ^10^%) 


and,  therefore, 


^0  —  ^01^%0  “h  ^10^^03  —  (%05  2^115  ^OiX^Ol’  ^10)^ 


is  an  invariant. 

The  integral  of  a  partial^dififerential  equation  of  the  second  order,  which  is  most 
general  so  far  as  concerns  the  number  of  arbitrary  constants,  contains  five  such 
independent  arbitrary  constants  ;  and,  therefore,  a  general  integral  of 


is 


Ao  =  0 

a  +  hx  +  cy 
a'  +  h'x  +  c'lj 


It  has  already  appeared  that  Aq  is  an  invariant  for  arbitrary  change  of  z ;  and 
therefore,  an  immediate  corollary  is  that 


Z  =  (f) 


a  hx  +  cy 
a'  +  h'x  +  c'y 


where  ^  is  arbitrary,  is  a  general  integral  of  the  equation  Aq  =  0. 

4.  As  an  invariant  is  self-reproductive  after  transformations  have  been  effected,  save 
as  to  a  factor,  it  is  necessary  to  obtain  the  form  of  this  factor.  For  this  purpose  it 
will  be  sufficient  to  consider  a  simple  case. 

Let  Zi  and  be  two  functions,  and  suppose  the  transformations  of  the  vpiables  to 
be  any  whatever,  say  of  the  form 


Then  we  have 


and  therefore 


x==4>{X,Y),  y  =  rp{X,Y). 


T,  ,  dy  _  dx  ,  dy 

'  0X  ’  ^3  -2^3  fZ2  ^ 


Ql-AgY+?l  0Y’ 


ax 

aY 


Pl5  Ql 

— 

Pi5  qi 

P  25  Q2 

lh>  <lz 

'0X 


a  (r,  y) 
a(x,  Y) 


Hence,  in  the  present  case,  the  factor  is  d  (x,  y)ld  (X,  Y)  =  J ;  and,  by  the  analogy  of 
all  invariants,  t]ie  factor  for  any  one  will  be  some  power  of  J. 

The  invariants  at  present  under  consideration  may,  therefore,  be  defined  as 
follows - 
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A  function  of  the  i^artial  differential  coefficients  of  z  ivith  regard  to  x  and  to  y  is 
called  cm  invariant  if  when  the  independent  variables  are  changed  to  X  and  Y  and  the 
same  function  $  of  the  new  variables  is  formed,  the  equation 


is  satisfied,  inhere 


4)  = 

_  d  (x,  y) 

■"0(x/Yy 


5.  The  following  properties  of  irreducible  invariants  are  easily  obtained  : — 

(i.)  An  invariant  does  not  contain  the  dependent  variable,  nor  either  of  the 
independent  variables. 

(ii.)  An  invariant  is  homogeneous  in  tire  differential  coefficients. 

(hi.)  An  invariant  is  of  uniform  grade, equal  to  its  index  m,  in  differentiation 
with  regard  to  x\  and  of  uniform  grade,  also  equal  to  its  index  m,  in 
differentiation  with  regard  to  y. 

(iv.)  An  invariant  is  either  symmetric  or  skew  symmetric  in  differentiation  with 
regard  to  the  independent  variables. 

All  these  properties  hold  of  Ag,  the  index  of  which  is  easily  seen  to  be  2 ;  it  is  a 
symmetric  invariant,  that  is,  it  is  unchanged  if  x  and  y  be  interchanged. 

The  index  of  a  symmetric  invariant  is  an  even  integer ;  the  index  of  a  skew 
symmetric  invariant  is  an  odd  integer. 

These  properties  hold  for  functions  which  ai-e  invariants  for  any  general  transforma¬ 
tion,  and  not  merely  for  the  homographic  transformations  to  be  adopted ;  but  the 
forms  of  possible  functions,  as  well  as  the  value  of  J,  will  be  determined  by  the 
character  of  the  transformation.  And,  in  particular,  for  the  homographic  transforma¬ 
tion  it  is  easy  to  prove  that 


J  = 


7n  72.  73  i 


(«3  +  /^3^  +  73Y) 


6.  The  method  adopted  for  the  determination  of  the  forms  of  invariants  will  be  to 
obtain  the  partial  differential  equations  satisfied  by  them  ;  these  equations  can  be  ob¬ 
tained,  as  in  a  similar  case,t  by  using  the  principle  of  complete  infinitesimal  variation. 
For  this  purpose  it  will  be  necessary  to  have  the  formulae  expressing  the  relations 
between  differential  coefficients  of  ^  when  the  variables  are  transformed.  This  relation 
is  given  in  the  following  proposition,  the  transformations  being  supposed  any  wdiatever. 
The  special  application  to  the  homographic  transformation  will  afterwards  be  made. 


*  The  grade  of  a  term  is  the  sum  of  the  orders  of  differentiation  with  regard  to  one  variable  of  the 
factors  ;  thus,  the  ic-grade  of  Aq  is  2  ;  the  i/-grade  is  2. 

t  “  Homographic  Invariants  and  Quotient-Derivatives,”  ‘  Mess,  of  Math.,’  vol.  17  (1888),  pp.  154-192. 
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Let  z  =  6  {x,  y),  and  let  the  variables  be  transformed  by  the  equations 


Let 


x=4>  (X,  Y),  2/  =  V'  (X,  Y). 

^  ~  ^  (X  p.  Y  “b  O')  —  X, 
'F  =  r//  (X  +  p,  Y  +  O')  —  y, 


so  that  <I>  and  vanish  with  p  and  cr.  Then,  by  the  generalised  form  of  Taylor’s 
Theorem, 

1  + 

ml  n\  DX™  0Y“ 


is  the  coefficient  of  p^o-"  in  the  expansion  in  ascending  powers  of 


^  (X  +  p,  Y  +  0-),  i/;  (X  +  p,  Y  +  0-) 
d  (x  +  d),  y  +  ^), 


where  p  and  cr  occur  only  in  $  and  Now, 


and  therefore 


1  +  n'  ^ 

^  ’  m'  =  o,r  =  o  «b!  n'l  dy"' 


771 


I  0™  +  ”Z 
!  77 !  0X"*  0Y” 


][  0m'  +  n'^ 

,,,?0  =  0 


where  C^,  n  denotes  the  coefficient  of  p'^o-"  in  the  expansion  of  in 

ascending  powers  of  p  and  cr.  When  77%  and  71  both  vanish,  or  when  m  -\-7i  '>7ii-\-n, 
the  coefficient  C,„_  „  is  zero. 

The  form  of  the  corresponding  theorem  for  the  case  of  any  number  of  independent 
variables  is  evident. 


HoTrtiogi'a'phic  Transfoi'mation :  Chai^actei'istic  Equations. 

7.  When  we  consider  the  general  homographic  transformation,  we  may  take 
ao  to  be  zero,  for  the  invariants  do  not  explicitly  contain  x  and  y,  but  only  differential 
coefficients  with  regard  to  them,  and  so  they  may  be  modified  by  the  subtraction  of 
the  respective  constants  J  then  the  general  forms  are  equivalent  to 

X  _  y  1 

X  +  aY  Y  +  ^X  «3  +  /S3X  +  TsY 

In  order  to  apply  the  method  of  infinitesimal  variation,  it  is  sufficient  to  make  the 
factor  J  nearly  equal  to  unity,  or,  what  is  the  same  thing,  to  make  x  nearly  equal  to 
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X  and  y  nearly  equal  to  Y.  Hence,  we  take  to  be  nnity,  and  ySg  and  yg  small,  say, 
—  e  and  —  6  respectively  ;  and  a  and  /3  are  to  be  considered  small,  quantities  of  the 
first  order  being  retained.  Thus,  we  have 


J  = 


0,  0,  1 

1,  —  e 


(1  _  eX  -  dY)-3, 


a,  1,  —  6 

=  1  +  3eX  +  3dY, 


so  far  as  quantities  of  the  first  order.  Also 


=  — -AvgY  =  X+aY  +  eX-+SXY  =<k{X,Y), 
U  =  ^  f  ,x -\y  =  'SX  4-  Y  +£XY+SY^  =  ^(X,  Y), 

to  the  same  order  ;  and  therefore 

(X  +  p,  Y  +  a-)  -  (/>  (X,  Y) 

=  p  occr  +  e  -f"  2Xp)  +  9  (per  +  pY  +  crX), 

^  =  rP{X  +  p,  Y+cT)-rA(X,  Y) 

=  (T  +  ySp  +  e  {per  +  pY  +  crX)  +  6  (cr^  +  2Ycr). 

Hence,  to  the  first  order  inclusive,  we  have 


_  pin'll'  _j_  pm'  1  (j-"'  +  e  {p^  +  ‘YXp)  +  9  (per  -j-  pY  +  erX)] 

+  n'p”''(r"'~^  {/3p  -j-  e  (per  +  pY  +  crX)  +  9  {cr^  +  2Ycr)], 

and  therefore 

a,  =  I  +  m'  (2eX  +  9Y)  +  n'  (eX  +  29Y), 

>i'  +  l  =  (a  +  ^X),  Om'  +  \,  )1' -\  =  R  (^  +  eY), 

+  n>  =  (w^'  +  n')  e,  n'+\  =  (w  +  R) 

All  other  coefficients  are  negligible,  being  of  a  higher  order  of  small  quantities  or 
zero  (non-occurring) ;  and  these  give  all  the  combinations  of  values  of  m  and  n  for 
«  (^“'qr"').  Therefore,  for  all  values  of  m  and  n,  we  have 


3X'«  0Y“  0r-™  "bif 


[l+m  (2eX  +  9Y)  +  n  (eX  -f  29Y)} 


+ 

+ 


0wi  +  n  ^ 


„_i  R  (a  +  9X)  + 


z 


dx"‘  ^  02/" +  1 

0m  + 

0*™  02/'^ 


71 


0^m  +  l  0^; 

0;rt  +  «  —  1  ^  0r?^  +  «  —  1 

l/i  (m  +  W  —  i  )  €  +  - 

^  '  nr'P^ 


(/3+eY) 

71  {711  n  —  \)  9. 


MDCCCLXXXIX. - A. 
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8.  If,  then,  we  have  an  invariant  f  of  index  A.,  such  that 

F  (  .  .  .  ,  Z,;,,  „,...)  =  J\/’(  .  .  .  ,  Zm^n,  .  .  .), 

and  we  substitute  for  J  and  for  all  differential  coefficients  7im,  n,  ^nd  then  expand, 
retaining  all  small  cjuantities  of  the  first  order,  we  have  the  following  equations 
derived  from  a  comparison  of  corresponding  terms. 

From  the  terms  which  are  multiplied  by  eX 


(2m  +  ri)  =  3X/  .  .  .  . 

.  .  .  (i.); 

from  the  terms  in  6Y 

tt  (2n  -f  m)  —  3X/  .... 

n 

.  .  .  (ii.); 

from  the  terms  in  e 

Ai/  —  SSm  (m  +  —  1)  ^  •  • 

.  .  .  (in.); 

from  the  terms  in  6 

Ao/  —  Stn  (m  +  n  —  1)  ■  —  0  .  . 

.  .  .  (iv.)  ; 

from  the  terms  in  /S  +  eY 

^3/-  +  -0  .  .  .  . 

•  •  •  (v.); 

and  from  the  terms  in 

«  +  6»X 

A4y  =  1,  =  0  .... 

.  .  .  (vi.). 

Equations  (iii.)-(vi.)  determine  the  form  of  the  function  /;  when  the’  form  is 
obtained,  the  index  is  derivable  by  inspection,  and  equations  (i.)  and  (ii.)  are  then 
identicall}^  satisfied. 

9.  Before  considering  these  equations,  characteristic  of  the  invariants,  one  remark 
should  be  made.  If  the  quantities  e  and  6  are  absolutely  zero  so  that  the  transforma¬ 
tions  are 

X  =  X  +  aY,  y  =  ;8X  +  Y, 

that  is,  transformations  to  which  a  binary  form  is  subject,  the  terms  which,  in  what 
precedes,  give  rise  to  equations  (i.)-(iv.)  do  not  exist,  and,  therefore,  these  equations 
do  not  exist ;  but  there  are  terms  in  and  a,  and,  therefore,  equations  (v.)  and  (vi.) 
survive,  being  in  fact  the  partial  differential  equations  determining  those  covariants 
which  can  be  expressed  in  terms  of  partial  differential  coefficients  of  the  form  with 
reo’ard  to  the  variables. 

o 
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Invariants  in  the  Second  Order. 


10.  First,  let  us  consider  invariants  which  involve  no  partial  differential  coefficients 
of  order  higher  than  the  second.  The  differential  equations  to  be  satisfied  are,  in  the 
non-subscript  notation. 


("*•) 


dp 

a/ 


{n)  +  2s  g;  +1 


dt 


3s 


0, 


so  far  as  concerns  the  form  of  the  function.  From  these  equations  we  have 

df  df  ^  W 

dr  _  3s  _ di  _  dp  _  Sj 

q“  —  2pq  p^  2  {q)t  —  qs)  2  (qr  —  sp) 

When  @  is  taken  to  be  the  common  value  of  these  fractions,  it  follows  that 


d/=  til,  +  fcls+  fdt  +  f  dp  +  dq 

or  as  dt  op  dq 

=  @  d  {qh'  —  2pqs  +  ^9®^). 


Now,  df  is  a  perfect  differential,  and  therefore  ©  is  some  function  of  q^r  —  2pqs-\-pH  ; 
hence,/’  also  is  some  function  of  qdr  —  2pqs  pit,  and  therefore  the  only  irreducible 
invariant  loliich  contains  differential  coefficients  of  order  not  higher  than  the  second  is 

(fr  ~  2pqs  +  pH. 

This  is  the  function  Ay,  already  (§3)  considered  ;  the  integral  equation  corresponding 
to  the  vanishing  of  this  invariant  is  known. 


Invariants  in  the  Third  Order. 

II.  When  we  come  to  consider  invariants  which  involve  difterential  coefficients  of 
higher  order,  the  method  just  used  is  no  longer  available,  because  the  four  differential 
equations  are  not  sufficient  to  determine  the  ratios  of  the  differential  coefficients  which 

M  2 
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enter.  If  the  determination  of  the  invariants  be  made  from  the  point  of  view  that 
they  are  simultaneous  solutions  of  the  four  equations,  one  method  of  proceeding  will 
be  to  adopt  Jacobi’s  process. 

Any  function  f,  which  satisfies  (iii.)-(vi.),  must  also  satisfy  each  of  the  equations 

[A„  Aj  =  0 

for  r,  6’  =  1,  2,  3,  4.  Forming  these,  it  is  easy  to  show  that 


[A„  A,]  =  X  S  ■( 


{d(AJ)  3(A,/) 


1  i{^'- 


^'^m.  n 


a  (A./)  a  (A,/-)  1 

dz.,.'  { 


=  {m  —  n)  %,n,, 


vf 


dz„, 


after  substitution  and  collection.  Since  this  does  not  vanish  in  virtue  of  any  one  of 
the  given  equations,  we  must  have  a  new  equation 


^5/= 


0/ 


’’/u,  n 


(vii.). 


to  be  associated  with  the  rest.  But  this  is  the  only  additional  equation  ;  for 

^  ^1]  ~  '^2/  —  b  5  [^35  '^3]  ~  ~  b  ; 

[A3,  Aj=0;  [A„Aj-0;  [A^,  A  J  ==  2A  J' =  0  : 

[A3,  Aa]^  -2A3/=0;  [A^,  A,]  =  0  ;  [A^,  A  J  =  0. 

It  is  easy  to  verify  that y*  =  satisfies  (vii.).  Every  invariant  will  be  a  simultaneous 
solution  of  (iii.)-(vii.). 

It  may  be  noticed  that  the  equation  (vii.)  can  be  otherwise  obtained ;  it  arises  by 
equating  the  left-hand  sides  of  equations  (i.)  and  (ii.)  to  one  another,  for,  on  re-arrange¬ 
ment  of  this,  we  have 

(m  —  n)  z„,^„  =  0. 

Hence,  equation  (vii.)  may  be  considered  as  replacing  either  (i.)  or  (ii.) ;  and  any 
function,  which  is  a  simultaneous  solution  of  (iii.)-(vi.)  and  for  the  same  value  of  X 
satisfies  (i.)  and  (ii.),  will  also  satisfy  (vii,). 

One  deduction  as  to  the  character  of  the  invariants  can  at  once  be  made  from  the 
form  of  the  equations. 
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Every  Irreducible  Invariant  must  involve  Zq^  and 

For  every  irreducible  invariant  f  satisfies  the  five  equations  ;  if  then  it  be  indepen¬ 
dent  of  we  have  df/  dz^-^  =  0.  Since  there  is  no  term  in  it  which  involves  Zq^,  and 
since  there  is  a  single  term  involving  Zq^  in  AQf=  0,  viz.,  z^i  {b/jdz^Q),  we  must  there¬ 
fore  have  bf  jdz^Q,  i.e.,  the  function  must  be  independent  of  z^^.  From  =  0,  it  then 
follows  that  bf  jdz^Q  and  both  vanish;  from  A^f  =  0,  it  then  follows  that 

df  /dzii  and  O/’/O^ooboth  vanish,  and,  therefore,  that  f  involves  no  difierential  coefficients 
of  the  second  order.  Proceeding  in  this  way  to  the  successive  orders,  it  appears  that  f 
involves  no  differential  coefficients  whatever  ;  so  that  it  cannot  be  an  invariant,  other 
than  a  constant  or  2. 

12.  Proceeding  now  to  the  consideration  of  invariants  which  involve  difierential 
coefficients  of  the  third  order  as  the  highest,  and  denoting  them  for  convenience  by 
a,  h,  c,  d  {=  z^Q,  z^^,  z^i,  z^q,  respectively),  we  have,  as  the  subsidiary  equations 
necessary  for  the  construction  of  tlie  general  solution  of  A^f  =  0,  the  set 

dp  dq  dr  ds  dt  da  db  dc  dd 

q  0  2s  t  0  Zb  2c  d.  0 " 

To  deduce  that  general  solution,  eight  independent  integrals  of  the  subsidiary  set 
must  be  obtained  ;  bearing  in  mind  the  character  of  the  invariants  (§11)  ultimately  to 
be  arrived  at,  we  take  these  integrals  in  the  form 


Wi  =  q, 

==  t, 

Wg  =  qs  —  pt, 

=  (fr  —  2pqs  +  pH, 

%  ~  ^^3 

u^  =  pd  —  qc, 

Urj  ;=  p^d  —  2pqc  -{-  q^h, 

Uq  =  qP  d  —  3p~qc  -fi  3pqHj  —  qhc. 


Any  solution  of  the  equation  Ag/’  =  0  can  be  expressed  as  a  functional  combination 
of  u-^,  .  .  .,  itg ;  thus 

rt  —  S''  =  *  ■  —  3 


7  7  o  'Hrl* 

hd  —  c^=  — ^ 


{ad  —  hcY  —  4  {ac  —  h^)  [hd  —  c^)  = 


(upig  —  UpirjY  —  4  (upiri  —  U^)  {UpiQ  —  UjH 


and  so  on. 
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In  order  to  obtain  the  most  general  solution  which  simultaneously  satisfies 
Ag  /  =  0  and  0,  it  wiU  be  sufficient  to  obtain  the  irreducible  functional  com- 

bmations  of  Ui,  u^,  .  .  .  ,  Ug,  which  satisfy  Aj /”  =  0.  Now, 

=  0,  AjWo  =  0,  A^w^  =  0,  A^^^g  =  0  ; 

and 

A  1^3  =  '^i^, 

=  —  2u-^u^, 

A1W7  = 

=  ~  6^1%  ; 

so  that 

Ai  (wi'^^6  +  =  0, 

Ai  —  2u^)  =  0, 

Ai  +  BWgW^)  =  0. 

Hence,  the  most  general  simultaneous  solution  of  Ag/^  0,  and  =  0,  can  be 
expressed  as  a  functional  combination  of 


=  UlU^  +2%'i^3, 

Vr.  —  UlUrj  —  2u^, 
llg  =  fi- 

In  order  to  obtain  the  most  general  simultaneous  solution  of  Ag/  =  0,  A^f  —  0, 
An/  =  0,  it  will  be  sufficient  to  obtain  the  irreducible  functional  combinations  of 
Uq,  V-,  Vq,  Vj,  Vg  which  satisfy  An/  =  0.  Now,  it  is  easy  to  show  that 

~  b;  ^2^^^  ~  b,  AnVg  =  0,  ^-2^8  ~  b  5 

and 

—  G'^o, 

A^v?  —  2u^u^  I 

so  that 

A.2  {u^u-  ■§■  wy)  =  0, 

Ag  ("^7  “■  ”^2^%)  — ■  b. 

Hence,  the  most  general  simultaneous  solution  of  Ag/  =  0,  Ai/=:  0,  An/=  0  can  be 
expressed  as  a  functional  combination  of 

Ul,  U^,  Vg,  V^, 

^5  = 

tVj  =  v,^  —  v.^u^  =  UiU^  —  —  2u^. 
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In  order  to  obtain  the  most  general  simultaneous  solution  of  Ag/=  0,  A^/  =  0, 
0,  Aj._/=:  0,  it  will  be  sufficient  to  obtain  the  irreducible  functional  combina¬ 
tions  of  til,  Vg,  Vg,  Wrj,  which  satisfy  ^4^/  =  0.  Now  it  is  easy  enough  to  shoAV 
that 

—  0  ; 

and  that 

A^^i  ■—  p, 


WlA^Vg  =  -  3Vg, 

U^A^Vg  =  3pVg  —  ‘ZWr., 
=  22nVrj  —  Vg, 

=  'pv^  +  6w/. 

If,  then,  we  write 


these  equations  become 

^i^A^Pg  =  , 

—  Pg’ 

Wl^A^Pg  =  -  2P7, 
iq^A^Pg  =  _  3Pg  ; 


and  therefore,  bearing  in  mind  that  A^'^^^  =  0,  we  have 

A,(Pg2+  12i^/P7)=  0, 

A,(P83  +  IS^q^P^Pg  +  54^^/Pg)  =  0, 

A4(P8P6-P7'  +  2VP5)=  0. 


Hence  the  most  general  simultaneous  solution  of  A^f  =  0,  A.^f  =  0,  Agf  =  0,  A^f  =  0 
can  be  expressed  as  a  functional  combination  of  u^,  and 


Q?  —  Pg^  H“  i2tf/P^, 

Qe  =  Ps®  +  ISw/P^Pg  +  54u^‘^Pg, 

Q5  =  PsPe  -  P/  +  2<P5. 

13.  Before  considering  the  question  as  to  whether  these  functions  satisfy  (i.)  and 
(ii.),  and,  therefore,  also  (vii.),  it  is  desirable  to  modify  their  expressions. 

W e  have  already  had  the  quantity  iq ;  it  is  the  same  as  Aq,  so  that  we  write 

=  Aq  ; 

and  it  will  be  convenient  to  write 

tig  =  A^  =  (zgQ,  Z.21,  Zj_2,  ^osX^on  ^]o)^’ 
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Then  we  have 


Q?  =  +  T2%X) 


{u^u^  +  u^v^)  +  12^4“  —  u.^Ui)]  . 


But 


u^Ug  +  Ui>-f7  =  {9s  —  pi)  {p^d  —  ?>p^qc  +  'dpq^  —  q^a) 

+  {q{qr  —  j^s)  —  {qs  —  pt)]  {p\I  —  2pqc  +  q^b) 

=  q  {qr  —  ps)  {phi  —  2pqc  4-  <fb)  q{qs  —  pt)  (—  p“c  +  ^^qb  —  q^a) 


_  1  _  i.,  T 

dq  dq  dj)  ^ 


()“l  ^01  > 


where  Jq]^  denotes  the  Jacobian  of  Aq,  with  regard  to  and  Wq;^.  Similarly, 


so  that 


up  —  upt^  =  —  ^’0  =  ~  ; 

Q-  =  +  2AoJqi  +  12Aq®Hq, 


Hq  being’  the  discriminant  of  Aq. 

For  the  modifi(;ation  of  the  expression  of  Qg  we  have,  on  substituting  for  the 
quantities  P  in  terms  of  the  quantities  u, 


ur 


Qg  =  +  1-8  +  upp)  +  18  “  (4^3+8  —  upipig  +  Gupipij  +  Sw/wg). 

n-y  up 

The  modification  of  the  second  term  has  already  been  given  ;  for  the  third  we  have 

—  Aupipig  =  4t/-^^AjHQ  ; 

upig  +  2upi^  +  upUg  =  {r  [pd  —  qc)  —  25  [pc  —  qb)  +  t  [pb  —  qa:)]  ; 

3  S^Ai  _  .  9^^  ^4  ,  ^  9lAil  . 

^  ^  ^  [  dq^  dp"  dp  dq  dp)  dq  dp"  dq"  J  ’ 

—  14  , 

where  Hq^  denotes  the  simultaneous  Hessian  of  Aq  and  A^  with  regard  to  and  Mjq. 
Hence 

Qg  =  —  Aj®  —  SAqA^Jq^  +  72  Aq^A^Hq  —  f  Aq^Hqi  . 

For  Qg  we  have,  after  substitution  for  P.,  Pg,  P,,  Pg,  the  form 

Q5  =  -1  (^^6%  - 
2 

+  {uph'^h  +  +  upipu.r.  +  2tlpUrj) 

'^1 

-  A  (4^3+/  -  MpipiJ  +  4M3Q  . 
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Now,  for  the  first  set  of  terms 

UqU^  —  '^<7^  =  {<f  {ac  —  h^)  —  fq  {ad  —  he)  +  {hd  —  c")  j 

where  Hi  is  the  Hessian  of  Aj  considered  as  a  groimd-forrn  in  <i  and  —  p  \  and  the 
third  set  of  terms  is 

“sT  =  -<h„5. 

For  the  middle  set  of  terms  it  is  easily  found,  by  the  results  already  proved,  tliat 
the  terms  within  the  bracket  can  be  expressed  in  the  form 

ip  [q  {r'^  d  —  3?‘5c  +  (2s^  +  rt)  h  —  sta]  +  p  {t~a  —  Msh  +  (26'“  -j-  rt)  c  —  md]  ] 

=  Lj  , 

say  ;  so  that  we  have 

Q,  =  H,+  2U-4Hob 

14.  Considering  now  the  question  as  to  whether  each  of  the  functions  thus  obtained 
will  satisfy  (i.)  and  (ii.),  for  one  and  the  same  numerical  vaiue  of  the  index  X  ^^^’O^ahly 
associated  with  it,  we  may  proceed  as  follows.  Writing  the  equations  in  the  form 


aj=-ikf .  (i'.), 

fli/=3X/ . (ii'.), 

we  have  the  following  result  :  — 


/  = 

%f  = 

Hl/  = 

X  = 

A„ 

6A(j 

6Ao 

2 

Ai  : 

9Ai 

OAi 

3 

Jqi 

l2J„i 

12.1 01 

4 

L., 

i 

1 

1-2L. 

121.. 

4 

I 

Hoi  1 

9Hoi 

9Hoi 

3 

Ho  1 

'-Ho 

6Ho 

2 

Hi 

12Hi 

12Hi 

4 

MUCCCLXXXIX. - A. 
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By  means  of  these  results  we  at  once  find 

=  18Q;  =  ; 

^oQg  “  2/Qg  =  tliQe  ! 

=  12Q,  =  n,Q,. 

Hence  Ag,  Q5,  Qg,  Q7  satisfy  all  the  necessary  equations,  and  they  are  therefore 
invariants  ;  their  respective  indices  are  2,  4,  9,  6  ;  and,  therefore,  every  invariant 
ivhich  involve!^  differential  coefficients  of  z  of  order  not  higher  than  3  can  he  exg)ressed 
as  an  cdgehraical  function  of  Kq,  Qg,  Qg,  Q^,  where  (changing  the  sign  of  Qg  from  §  13) 

Q,g  =  H,+  2L,-4Ho^ 

Qg  =  Aj®  +  3AQA;^Jg^  —  72Ag"AjHQ  + 

Q7  =  2AgjQi  +  12Ag“Hg, 


and  the  qucmtities  Aq,  Aj,  Jg^,  Hg,  H^,  Hg^,  H  cere  given  by  the  equations 


Ag  = 


T  _ 

Jq]  — 


(%.o>  ^in  ^10)" ! 

(^30>  ^12'  ; 

0Af)  0Aj  0Ag  0A^ 


0?ig  0^01 


0^01  9^0 


Hn  — 


'11  ’ 


H,n  = 


1'^  (^01  (^30^13  H“  h)3A3o)  ^10  (~30~03  '^2^11^13  “h  ^02^3l)J 

0^Ao  0fi4i 


ri-v  3  Pjv  2 

u-io 


—  9, 


0-Ag  0'Aj  02  Ag  05A;^ 

05,n03;m  02,n03:Ai  0A  ®  ’ 


10  ^■'01 

(h(di2  %o^o3  Hd\2’  %fi'n3  ^lo)''  5 


Hi 

^3  —  ^01  {^30^'^03  +  (^^ifi  ^30^03)  %  — 


O'  'y  ‘7  t 

"11^03^30) 


^10  {^30~11^03  (^^ifi  “h  ^30^03)  ^13  “h  2-11^03^31  ^0 


3%o} 


_  ^  /0Ag^i  0A„0H 

“  \0L„  0-  ' 


'111  '^~oi 


11 

9%  9,?,,, 


The  invariant  Ag  is  that  which  was  obtained  before,  and  it  may  be  called  the  irre¬ 
ducible  invariant  of  the  second  order  ;  the  invariants  Qg,  Qg,  Q^  may  be  called  the 
irreducible  invariants  of  the  third  order. 

15.  It  may  be  remarked  that  the  quantities  additional  to  A^  and  Ag  which  are 
necessary  for  the  expression  of  Q.,  Qg,  Q^  all  belong  to  the  simultaneous  concomitant 
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system  of  Aq  and  Aj  regarded  as  binary  ground-forms  in  2^,^,  —  as  variables.^  To 
this  we  shall  return  (§  34). 


A  Special  Series  of  Invariants. 


16.  There  is  a  succession  of  invariants  of  consecutive  orders,  comparatively  simple 
in  form,  which  can  be  derived  by  using  the  remark  made  in  §  9.  A  set  of  invariants 
of  the  form  suggested  by  the  covariants  of  a  binary  quantic,  which  involve  only 
differential  coefficients  of  the  quantic  with  respect  to  the  variables,  is  derivable  by 
considering  the  functions  in  2  analogous  to  Hermite’s  “associated  covariants'’  which 
may  be  taken  to  be 

A„j_2  —  0’  —  1’  — 2i  . ’  ^2,  — 2’  IJ  ^0i  ^io) 


for  values  2,  3,  4,  .  .  .  of  m. 

It  is  easy  to  see  that  each  of  these  functions  satisfies  the  equations  (v.)  and  (vi.), 
viz.,  =  0  and  0  ;  these,  in  fact,  are  the  equations  which  suggest  the 

functions. 

But,  when  we  consider  the  operators  and  Ao  which  do  not  arise  in  connexion 
with  covariants  of  binary  forms,  we  have 


A2^A„;_2 

-  (m  1)  [\m-l  “b  2^2,  m  —  z  “b  3-2,  ni  —  'ipT  T 

+  .  .  .  } 


01  -^10 


Ply  U 

=  (?n  —  1)  1, 0  —  (m  —  1)  ^  wz, 

—  m{m—  1)  ZioA«,_3  ; 

and,  similarly, 


A„ 


0  py 

0/ 


—  Z  -l)  — 3" 


Again,  in  regard  to  the  operators  which  occur  in  (i.)  and  (ii.),  it  is  easy  to  show  that 

—  3r/(A,„_o, 

3'J7i/A,„_2. 

If,  then,  we  can  obtain  combinations  of  A^,,  Aj^,  Ao,  .  .  .  which  are  homogeneous  and  of 
uniform  grade,  such  as  to  satisfy  A^f  =  0  and  Ao/  =  0,  these  combinations  will  be 
invariants  ;  and  it  follows  from  the  effect  of  the  linear  operators  Aj  and  Ao  on  the 
quantities  A  that  any  combination  of  the  A’s  which  satisfies  Af'=  0  will  also  satisfy 
Ao/-  0. 

*  Salmon,  ‘  Higlier  Algebra’  (3rd  edition),  §  198;  Clebsch,  ‘  Tlieorie  der  bintiren  Formen,’  §  59; 
Gordan,  ‘  Vorlesungen  uber  luvariantentbeorie,’  vol.  2,  §  31.  The  quantities  A^  A,,^  Lo,  Hq 
are,  save  as  to  numerical  factors,  respectively  tbe  same  as  Salmon’s  symbols  «,  v,  (1, 1),  L.,  A,  Lj,  (2,  0)  ; 
as  Clebsch’s  symbols  0,/,  d,  r/,  D,  p,  A  ;  as  Gordan’.s  symbols  0,  /,  d,  q,  A^y;  p,  A. 
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C/ombinations  of  this  kind,  which  are  of  uniform  grade  and  are  homogeneoiis,  are 
Aq,  AqAo  —  A^^Ag  —  /^AqA^Ao  +  AAj®,  AqA.j,  —  m^A^^Ag  +  and  so  on. 

Vf  hen  these  are  substituted  in  A^/  =  0  and  the  coefficients  Jc,  I,  in, .  .  .  are  determined 
so  that  the  equation  is  satisfied,  we  find  the  following  set  of  invariants  :■ — 

Uq  =  Aq, 

V,  =  AqAo  -  A^q 

Ug  -  Ao^Ag  -  J#AoA,A,  +  ^^Al^' 

U4,  =  AqA^,  —  SAjAg  +  ^-A.j", 


These  combinations  suggest  an  analogy  with  tlie  coefficients  of  the  principal  irredu¬ 
cible  covariants  of  a  quantic.  If  we  change  the  symbols  by  the  relation 

A,„_3  —  111  \  {ni  —  1)  C.q„_.2. 

then,  except  as  to  numerical  factors,  the  functions  are 

OoCh  - 

Co^Cg  -  sCoCjC^  +  20, \ 

CqC,.  -  lO^Cg  -f  say 


that  is,  they  follow  the  same  law  of  formation  as  the  leading  terms  of  the  covariants 
referred  to  ;  and  they  can  therefore  be  expressed  in  terms  of  the  quantities  C  and 
can  thence  be  deduced  in  terms  of  the  quantities  A. 

All  these  functions  satisfy  the  equation 


cv 


+  2Ci 


0Co 


=  0, 


that  is,  they  satisfy  the  equation 


S  {n  +  2)  {11  +  1)  A 


dv_ 

0A„. 


=  0, 


hy  means  of  which  the  numerical  coefficients  in  U  can  be  directly  determined. 

It  is  evident  from  the  form  of  U;„_3  that  the  higliest  order  of  differential  coefficient 
which  enters  is  the  mth,  that  all  the  differential  coefficients  of  the  with  order  enter 
linearly  and  into  only  one  set  of  terms,  and  that  the  remaining  terms  all  involve 
coefficients  of  lower  order  of  differentiation. 
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Invariants  in  the  Fortrth  Order. 

17.  To  obtain  the  irreducible  invariants  which  involve  no  clilferential  coefficient  of 
order  higher  than  four,  we  may  proceed  as  in  ^  11  by  forming  the  irreducible  functions 
which  satisfy  the  differential  equations  ;  mnong  these  functions  the  invai'iants  already 
obtained  will  occur. 

Foi\ convenience,  let  the  differential  coefficients  of  the  fourth  order  be  denoted  by 
e,f,  g,  h,i{  =  z^.^,  respectively).  Then,  beginning  as  before  with  A,/  =  0, 

the  subsidiary  equations  additional  to  those  already  (§  12)  considered  are 

de  df  dg  dh  d.i 

of  which  the  irreducible  independent  integrals  are 

Ro  =  L 
^bo  — 

'hi  =  P~^  —  +  vV. 

-  pH  —  ?>ppq],  -P  8/9r/"q  —  q^f, 

—  nff  —  Ap^qh  +  (yp'^q^g  —  Apq''^_f  q^e  \ 

and  any  solution  of  0  is  expressible  as  a  function  of  ;q,  %,  .  .  ., 

The  remainder  of  the  analysis  is  very  similar  to  that  which  has  been  used  for  the 
earlier  question,  and  so  it  is  not  here  reproduced  ;  the  following  are  the  results  :  — 

(i)  The  functional  combinations  of  the  thirteen  quantities  w  which  satisfy  0 

(and  which  are,  therefore,  the  irreducible  simultaneous  solutions  of  =  0  = 

are 

^1,  u^,  u^,  Rq  ; 

Vf.  =  upiQ  + 

Vj  =  upij  -  SWg-', 

=  upi^  +  Gupc^ ; 

Uio  =  wp-Uo  +  3M3W3, 

+  3?/o?b, 

^13  =  +  9iqR3!q  —  12^3''^, 

Vjg  =  +  I2,upiptf^  +  S6u^"u^. 

(ii)  The  functional  combinations  of  these  twelve  quantities  which  satisfy  Aof  =  0  (and 
wdiich  are  therefore  the  irreducible  simultaneous  solutions  of  A^f=  Aif=  —  d) 


are 
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u-^,  u^,  Vq,  Vg,  ; 

'^’o  =  —  1^3^- 

Wr;  =  Vr  —  ; 

Vg  =  +  Gw/, 

IV^Q  =  —  fw^Vg, 

—  GWo'«.7  + 

=  '^]2.  —  l'''2'^'8- 


(iii)  When  these  functional  combinations  are  substituted  in  turn  for  /’in  A^f,  the 
equations  additional  to  those  in  §  12  can  be  transformed  to 


«1  = 

GpVg  - 

1 

0 

I> 

0 

11 

5pw>io  - 

+ 

3iqv-, 

iq  Apcii  = 

4piyji  - 

-  27^22 

+ 

S^q-ro, 

iq  Apy^.j  = 

1 

CO 

-'Vn 

4- 

9upiVj, 

II 

CO 

-f* 

<1 

:  2'pV^^ 

+ 

I2upv^, 

and  therefore,  if  we  write 


-13 


=  P 


13’ 


W 


12 


3  ~  ^12’ 


Wji  _  _  W, 


—  p  :a_o  _  p 
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=  P95 


these  equations  become 


W-l^A^Pg  - 

Wj^A^^Pio  = 

wpA^Pig  = 
wpA^Pig  — 


4PlOJ 

—  3P;^i  +  SiqPg, 

—  '^■Pi2  "P  biqP,;, 

Pl3  H~  ^^^4^75 

12iqPg. 


In  addition  to  the  former  irreducible  solutions,  Q^,  Qq,  Q5,  which  were  obtained 
from  equations  in  §  13,  the  following  irreducible  solutions  can  be  obtained  ; — 


Qi3  —  '^%P]3  Ps"’ 

Qi3  =  18w/Pi3  +  3w,P8Pi3  +  81w/Pg  -  2P83, 

Qu  =  72w/Pii  +  24w/P8Pi2  +  2w,P82P,3  +  I44U/P5  +  108W/P/  -  Pgp 

Qio  =  21Gw/Pio  +  108w/P8Pii  +  iS^i/PgSp^^  _|_  w^PgSP^g 

-  (l08iq«P8P5  +  81w/P82Pg  +  18W/P83P,  +  P/), 

Q,  =  129GW/P9  4-  8G4w/P8Pio  +  21Gw/P82Pi,  +  24w/P83P,,  + 

~  (21Gw/P82p,  +  108iq4VPG  +  IHw/Pg^P,  4  IPg^). 
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These  are  not  necessarily  the  simplest  forms  obtainable,  bnt  every  simultaneous 
solution  of  Aj/"  =  Aj/*  =  Ag/’  =  A^/*  =  0  can  be  expressed  as  a  functional  combination 
of  M4,  Q  5>  Qg’  Q?'  ^9;  •  •  •>  Qi3’ 

It  will  be  seen  that  the  new  irreducible  functions  Qg,  .  .  .,  Qig  are  linear  in  the 
quantities  Pg,  Pjq,  .  .  .,  Pjg,  and  are  therefore  linear  in  the  partial  diflPerential 
coefficients  of  the  fourth  order.  In  this  respect  they  apparently  differ  from  Qg,  Qg, 
Q^,  which  are  the  irreducible  invariants  of  the  third  rank  in  differentiation ;  but,  if 
we  take  instead  of  Q-  an  equivalent  invariant  1447q"Qg  +  Q-^,  which  is 

288^q«Pg  +  144VPgP8  + 

the  law  of  successive  formation  of  the  invariants  (the  new)  Qg,  Qg,  Q^  is  similar  to 
that  for  the  functions  Qg,  Qjg,  •  •  Qia- 

18.  But,  before  it  can  be  asserted  that  Qg,  Qjq,  .  .  .  Q^g  are  invariants,  it  must  be 
shown  that  they  severally  for  a  common  value  of  X  satisfy  the  equations  (i'.)  and  (iih). 
Now  the  following  results  are  easily  obtained  : — 


/  = 

ffi/  = 

X  = 

P5 

0 

0 

0 

3Ps 

3Pg 

1 

P7 

6P7 

6P7 

2 

Ps 

9Ps 

GO 

3 

P9 

0 

0 

0 

Pio 

•^Pio 

3Pio 

I 

Pll 

6P11 

6Pn 

0 

Pic 

9Pi2 

9Pi2 

3 

Pi. 

12Pi2 

I2Pi2 

4 
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From  this  Table  it  at  once  follows  that 

^oQi3  ~  1-^Qi3  “  ^iQi35 
^oQl:;  “  ~  ^iQi2’ 

^oQii  ~  3*^Qii  —  ^iQin 
"oQlO  “  ^'^QlU  “  '^iQiOj 
^oQ'J  ~  54Q,j  =  -O^Qg. 

Hence,  Qg,  Q^q,  Qn,  Qis,  Q13  cire  invarictnfs  of  indices  18,  15,  12,  9,  6  respectively  ; 
and  every  invariant  which  involves  no  ddferenticd  coefficient  oj  order  liujher  than  the 
fourth  can  he  expressed  as  a  function  ff  u^,  Q^,  Qg,  Q-,  Qg,  Qio?  Qn?  Qi3>  Qia- 

General  In ferences. 

19.  And  if,  among  tlie  sets  of  irreducible  invariants  thus  obtained,  those  invariants 

which  involve  the  partial  differential  coefficients  of  the  rAh  order  as  the  highest  that 
occur,  and  which  are  linear  in  those  partial  differential  coefficients  of  highest  order, 
are  called  irreducible  invariants  to  the  rank  n,  then  we  have  the  following 

propositions  relating  to  the  complete  aggregate  of  invariants  : — 

(i)  The  irreducible  invariants  can  be  ranged  in  sets,  each  set  being  proper  to  a 

particular  rank  ; 

(ii)  There  is  no  irreducible  invariant  proper  to  the  rank  unity ; 

(hi)  There  is  a  single  irreducible  invariant  (=  u^=  Aq)  proper  to  the  rank  2  : 

(iv)  There  are  three  irreducible  invariants  (=  Qg,  Qg,  Q^)  proper  to  the  rank  3  ; 

(v)  For  every  value  of  n  greater  tlian  3,  there  are  n  ffi  1  irreducible  invariants 

proper  to  the  rank  n,  and  they  can  be  so  chosen  as  to  be  linear  in  the 
ditlerential  coefficients  of  order  n  ; 

(vi)  Every  invariant  can  be  expressed  as  a  function  of  the  irreducible  invariants  ; 
and,  if  such  an  invariant  liave  ditferential  coefficients  of  order  r  as  those  of 
highest  order  occurring  in  it,  the  functional  equivalent  involves  some  or  all 
of  the  aggregate  of  irreducible  invariants  proper  to  ranks  not  greater  than  r; 
it  involves  some  of  thi3  irreducible  invariants  proper  to  the  rank  r,  but  no 
irreducible  invariant  proper  to  a  rank  greater  than  r. 

Simidtaneous  1  nvariants  of  Two  Functions. 

20.  Hitherto  we  have  considered  invariants  of  only  a  single  dependent  variable 
which  is  a  function  of  the  two  independent  variables  ;  but  we  may  consider  a  second 
dependent  variable,  say  % ,  which  is  also  a  function  of  x  and  y.  The  two  quantities 
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z  and  z  are  independent  of  one  another  ;  but,  if  a  third  dependent  variable  be 
introduced,  it  can,  by  the  elimination  of  x  and  y,  be  expressed  in  terms  of  2  and  z' 
alone,  and  its  invariants  will  be  expressible  partly  in  terms  of  the  invariants  of  2  and 
of  z,  and  partly  in  terms  of  functions  arising  in  connexion  with  the  transformation 
of  s  and  z.  It  is  thus  sufficient  to  consider  two,  and  not  more  than  two,  dependent 
variables  when  there  are  two  independent  variables. 

21.  In  addition  to  the  invariants  possessed  by  each  of  the  dependent  variables 
separately,  there  will  be  simultaneous  invariants  which  involve  differential  coefficients 
of  both  the  variables  ;  such  a  simultaneous  invariant  is 

J  =  'pq'  -  p'q, 

which  we  have  already  obtained  in  §  4. 

When  the  characteristic  differential  equations  of  simultaneous  invariants  are  formed 
by  the  method  already  (§  8)  adopted  for  invariants  of  a  single  function,  tliey  are  as 
follows  : — Let  F'  generally  denote  the  same  function  associated  with  z  that  F  denotes 
associated  with  z.  Then  the  equations  satisfied  by  a  simultaneous  invariant  \jj  of 
two  functions  2  and  z'  are 

^0^  =  (f^o  +  fi'o)  ^  =  SXt/;, 

—  (1^1  “h  ^1)  'A  — 

=  (^1  +  ^'1)  ^  =  0, 

=  (Ag  -h  A'g)  xIj  =  0, 

©gl//  =  (Ag  +  A'g)  xjj  =  0, 

©i.'A  =  (^4  "h  ^4)  ^  =  0. 

It  is  easy  to  verify  that  J  satisfies  these  equations,  its  index  X  being  unity  ;  and  it  is 
evident  that  the  invariants  of  2  alone,  and  those  of  z  alone,  all  satisfy  these  equations. 

As  in  I  11,  it  is  easy  to  prove  that  every  simultaneous  invariant  must  involve 
p  and  q ;  or  p  and  q  ;  or  p,  q,  p',  and  q. 

22.  The  only  simultaneous  invariant  so  far  obtained  is  J  ;  we  proceed  to  obtain  all 
the  simultaneous  invariants  which  involve  no  differential  coefficients  of  2  and  of  z! 
which  are  of  order  higher  than  the  second,  using  for  this  purpose  the  method  adopted 
in  §§  12,  17.  Among  these  invariants  there  must  evidently  occur 

J  =pc[  -  p'q, 

Aq  =  (fr  —  '^pqs  +  pH, 

Q  —  q-r  —  ‘Ip  qs  +  P  , 

the  two  latter  being  invariants  each  in  one  dependent  variable  only,  which  necessai’ily 
satisfy  all  the  equations. 

MDCCCLXXXIX. - A. 


O 
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Taking  the  eqaations  in  the  order  adopted  before  and  beginning  with  (Ag  +  A'g)  i/;  =  0, 
we  have  the  set  of  snbsidiarv  equations 

cliJ  clq  dr  ds  dt  dj)'  dq'  dr'  ds'  dt' 

q  ~  77  ~  2.S  ~  ~  (7  ~  q^  ~  ~  Ys'  ^  V  ~  0  ’ 

nine  in  number.  It  is  necessary  to  obtain  nine  independent  integrals  of  the  set ;  and 
we  may  take  these  in  the  form 

=  q  I  Wj  =  M  —  9.^'  ~~  lY  I  %  —  ^0 

u\  =  q  \  u'z  =  i  —  q^  —  lY  J  =  A'o 


bearing  in  mind  the  property  above  proved.  By  the  theory  of  linear  partial 
differential  equations  of  the  first  order,  it  follows  that  every  solution  of  the  equation 
(Ag  +  A'g)  iff  =  0  can  be  expressed  as  a  functional  combination  of  u\,  u^, 
u^,  u\,  Thus, 


qs  — 


UyU  3  — 


St'  —  s't  = 
qh''  —  2pqs'  +  = 

q'Y  —  2p)qs  +  pH  = 


upb  3  —  U 


U.lC 


U''  1 


U^lb'^  —  hb'pipb^  —  u' 


u'-^u^  +  2ibpb'^ib^  —  upb^ 


and  so  on. 

To  obtain  the  most  general  solution  of  ®gr//  =  0  =  it  will  be  sufficient  to  form 
the  irreducible  combinations  of  .  .  .  ,  Wg  which  satisfy  ©pjj  =  0.  Now, 


0pq  =z  0,  ©1^7  =  0  ; 


©pq  =  0,  ®iu'^  =:  0  ; 


©1^4  =  0,  ©pfi^  =  0  ; 


and 
so  that 


©pq 


=  qq,  ©lAg  =  q'q  ; 

©1  (?/,3  -  u^)  =  0  ; 


^  5 


and,  therefore,  the  irreducible  combinations  which  satisfy  ®pp  =  0  are  u^,  u'-^,  u^, 
%,  %,  u'^,  u^,  where 

Ug  =  Mg  —  Mg  =  qs  —  q' s  —  pt'  +  p't. 


To  obtain  the  most  general  solution  of  ©gi);  =  0  =  @pp  =  ©pj/,  it  will  be  sufficient 
to  form  the  irreducible  combinations  of  the  preceding  eight  quantities  which  satisfy 
(tdpjj  =  0.  Now 
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©^'U^  =  0,  < 

and 

=  0  ;  =  0,  =  0  ;  @.2^5  —  0  5 

©2^2  = 

@2^2  =  i. 

Hence 

©3V3  =  —  3u^. 

©2  {UiU'2  —  U2U{)  =  0, 

and  therefore,  if 

©2  +  2up>^)  =  0  ; 

P  =  upi^  —  iipL\  —  qt'  —  qt, 

Q  =  3upi^  +  2w^7’3, 

the  irreducible  combinations  which  satisfy  =  0  =  ©gi//  =  ©^xjj,  are  u^,  u\,  P, 

4>  Q- 

It  is  now  necessary  to  obtain  the  irreducible  combinations  of  these  seven  quantities 
which  satisfy  ©^r//  —  0.  We  have 


so  that 

II 

0 

11 

0 

Again, 

=  u^. 

©4P  —  p>t'  —  p't  +  2qs  —  2q's. 

Now, 

q  {pt'  —  qj't)  z=  (P  +  q't)  —  p)'qt  =  p>V  +  Urju., 

so  that 


and  hence 

©4P  =  3  {pt'  —  p/t)  +  2r’3 

=  ^  (pP  +  upi^)  +  2v^ ; 

Again, 

^^^©^P  —  3pP  =  Q. 

but 

\  ©4Q  =  35^^5  +  pv^  +  qBpj.^  ; 

=  qr'  —  ps  —  {qr  —  p/s)  ; 

qr'  -  ps'  =  i  {qS'  -  2p>qs  +  pH')  +  ^  {qs  -  pt') 


qr  - 

^  U^U'/  ^  ~  > 

1  1)^X1^ 

-  ps  —  {u  4  W4  +  2w  —  U  2^5  )  +  , 

0  2 

and 
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so 


that 


+  ’iiA  _ !%  _  Atj  („3  +  „/)  _  p. 


r*'  1 


u.^u 


1 


Hence 


Hence 


pv^  +  2®4^3  =  2pv3  +  3l  ^^'4  -  %  -  -V2  P  -  ;7  (2M3  +  w's)- 


w  • 


u\ 

—  'iq 

upif^ 

M  1 

p 

/  0 

U  J 

I^p , 

_  “5Q 

up' 

“1 

,£2_ 

2 


If  now  we  write 


?  =  C, 


=  B, 


Q 


=  A, 


the  three  results  can  be  put  into  the  forms 


u 

^t7@^B  =  AC-^ 

m7@,A  =  2CSi\  -  2C-J  u,  -  2BCX' 

And,  further,  we  have 

©4^4  =  0>  ®4'^^4'  =  0,  @4^5  =  0- 


Since  the  result  of  operating  with  on  B  gives  a  quantity  into  which  A  enters 
linearly,  and  the  result  of  operating  with  @4  on  A  gives  another  quantity  into  which  B 
enters  linearly,  we  are  led  to  assume  that  the  irreducible  solution  (or  solutions)  of 
z=  0  are  of  the  foi'm 

RA  +  SB  +  T, 

where  R,  S,  T  are  independent  of  A  and  B.  If  this  be  a  solution,  we  have 

w7©^T  =  R  (2CV,  -  20-H^  -  +  SAC""  +  ; 

and  we  suppose  R  and  S  so  determined  that 

SC-^  =  -  idu©^R, 
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But,  if  B  =  0‘,  then 

SC-^=  -  =  -  nu,0^-'  ; 

so  that 

S  =  —  n'u-C'‘'^^  ; 

and  therefore 

2w5"C"'^‘’  =  2RC%5^  =  ~  n{n  3) 

=  —  n  {n  +  3) 

whence 

n  =  ~  1  or  —  2, 

First,  taking  n=  —  1,  we  have 

=  20u\  —  2C~hi^, 

and  therefore 

Tw.  =  CV4  +  2w4C"h 

Hence  we  may  take  as  one  irreducible  solution 


A  .  2u^Jr  CV^ 


X  =  -+BC\.,- 


Second,  taking  n  =  —  2,  we  have 

=  2u\  —  2C“X  i 

id  therefore 

Twg  =  2Qu\  +  G~hi^. 
Hence  we  may  take  as  another  irreducible  solution 

Y  —  ^  4-  2BCt<  —  +  2Ch/.h 

y  _  C3  4 


And  it  follows  from  the  method  of  derivation,  and  by  an  application  of  the  theory 
of  linear  partial  differential  equations,  that  every  simultaneous  solution  of  the 
equations  ©^i/;  =  0  =  @2^  =  @31//  =  ©4.1//  which  involves  no  quantity  of  order  higher 
than  r,  s,  t,  r ,  s',  t'  can  be  expressed  as  a  functional  combination  of  ;  u^,  u'^ ;  X,  Y. 

23.  It  is  now  necessary  to  consider  the  index  equations.  We  have  for  u-^  (=  J) 

=  3J, 

<j)^J  =  3J  ; 


so  that  J  is  an  invariant  of  index  unity.  For  u^{=-  Aq)  we  have 
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so  that  Aq  is  an  invariant  of  index  2  ;  and  similarly  for  A'g), 

=  6A;, 

so  that  A'q  is  an  invariant  of  index  2, 

It  is  desirable  to  modify  the  forms  of  X  and  Y,  so  as  to  express  them  explicitly  in 
terms  of  the  quantities  ....  When  the  values  of  A,  B,  C.  tq,  u\,  are 

substituted  in  X,  and  it  is  multiplied  by  —  u-^,  it  takes  the  form 

qh'  —  2pqs  +  2  {qqr  —  {p>q  +  p  q)'s qypt}, 

which  may  be  denoted  by  ;  and  when  exactly  the  same  operations  are  applied  to 
Y,  it  takes  the  form 

qh'  —  ‘Zpq's  +  'p>h  +  2  {qqr  —  [p)q  +  p'q)  s'  pp't'}, 

which  may  be  denoted  by  ^'q. 

It  is  now  easy  to  verify  that 

=  6^0  ; 

so  that  ^0  is  an  invariant  of  index  2  ;  and  similarly  that 

0  ~  0’ 

0  ~  0  j 

so  that  Q  is  an  invariant  of  index  2. 

24.  The  general  result  of  the  preceding  investigation  can  be  enunciated  as  follows  : — 
Every  simultaneous  invariant  of  tivo  functions  z  and  z'  of  two  indep)endent  variables, 
■which  involves  no  di^erential  coejfeients  of  order  higher  than  the  second,  can  he 
exqmessed  in  terms  of  the  five  Irreducible  invariants  J  {ofi  index  1)  and  Aq,  A'q, 
'^0’  ^^0  of  index  2)  where 

J  =  qxf  —  p'cq, 

Aq  =  q^r  —  ^Ipcqs  +  pH, 

A'o  =  cqV  -  2p'q's'  +  p'H', 

^0  =  (f'*'  —  +2rt'  +  2  [qq'r  —  {pf  +/(/)«  +  pqht}, 

gt'o  =  q'V  —  2p'q's  +  p'H  +  2  [qqV  —  {pq'  +  p'q)  s'  + 

and'  p,  q,  r,  s,  t;  p ,  q  ,  r  ,  s',  t';  have  their  ordinary  significations  as  pjarticd  differential 
coefficients  of  z  and  ofi  z'*. 

*  It  is  easy  to  see  that  the  invariant  Aq,  formed  for  2  +  As'  is 

Aq  +  AHq  +  A'xI’q  +  A'^A'q. 

This  remark  is  practically  due  to  Professor  Cayley. 
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Theory  of  Eduction. 

25.  It  has  already  appeared  from  §  4  that  the  operator 


operating  on  z  jiroduces  an  invariant  of  index  unity.  But  for  the  purposes  of  this 
operation  z  may  be  regarded  merely  as  an  unchanging  quantity,  and,  therefore,  it 
may  be  replaced  by  an  absolute  invariant  (of  index  zero);  and,  when  the  operator  acts 
upon  an  absolute  invariant,  there  results  a  new  invariant,  of  the  next  higher  rank  in 
the  differential  coefficient  of  the  variable  and  of  index  unity. 

We  can,  however,  make  the  operator  an  absolute  invariant,  for  the  index  of  Ag  is  2; 
and,  therefore, 

is  an  absolute  invariantive  operator  vffiich,  when  it  operates  on  an  absolute  invariant, 
generates  a  new  absolute  invariant  of  next  higher  rank. 

The  operator  can  evidently  be  applied  any  number  of  times  in  succession,  so  that, 
if  I  be  an  absolute  invariant. 


is  an  absolute  invariant  for  all  values  of  the  index  r. 

Similarly,  the  result  of  operating  upon  any  absolute  invariant  with  the  operator 

^  dx  Ej 

is  to  give  a  relative  invariant  of  index  unity  ;  and,  if  we  are  considering  simultaneous 
invariants  in  two  variables  z  and  z  ,  then 

are  absolute  invariantive  operators,  which,  when  applied  to  absolute  invariants, 
produce  absolute  invariants. 

26.  Thus,  in  the  case  of  a  single  dependent  variable,  we  have 


B - QgAg 


C  = 
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as  the  three  irreducible  invariants  proper  to  the  rank  three,  and  they  form  the  com¬ 
plete  system  of  irreducible  absolute  invariants  within  this  rank.  Hence 

A  = 

are  absolute  invariants  proper  to  the  rank  four.  But  it  is  not  to  be  inferred  that 
A,  B,  C,  A',  B',  C'  constitute  the  complete  system  of  irreducible  absolute  invariants 
within  the  rank  four. 

Again,  in  the  operator  the  quantities  p  and  q  are  first  differential  coefficients  of  an 
unchanging  quantity  2 ;  they  can  be  replaced  by  first  differential  coefficients  of  any 
absolute  invariant  I,  and  then 

A 

\dy  dx  dx  dt/J 


is  an  absolute  invariantive  operator,  the  operation  of  which  on  absolute  invariants 
produces  other  absolute  invariants.  Hence 


E  =  A. 


0B  a\ 

u 

dx 

dx  dy) 

4  /SC 

d 

0C  0\ 

dx 

dx  dy] 

a/SA 

d 

0A  0  ^ 

\9y 

dx 

dx  dy  j 

C, 


-  W  W  A, 


-Tv;  B, 


are  absolute  invariants  proper  to  the  rank  four,  and  they  are  of  the  second  degree  in 
the  differential  coefficients  of  the  fourth  order.  Among  the  six  quantities  A',  B',  C', 
D,  E,  F  there  is  the  relation, 

A'D  +  B'E  -f  C'F  =  0  ; 


so  that  only  five  of  them  can  be  independent. 

27.  In  any  higher  rank  n  let  I,  J,  K,  .  .  .  be  the  invariants,  absolute  and  irreducible, 
proper  to  that  rank ;  let  I'  denote  the  absolute  invariant  educed  from  I  by  the 
operator 


and  I,„  the  absolute  invariant  educed  from 


I  by  the  operator 


A 


di/  dx 


dx  dy)  ’ 
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M  being  an  absolute  invariant.  Then,  by  means  of  all  the  eductive  operators  associ¬ 
ated  with  absolute  invariants  of  successive  ranks,  we  can  obtain  from  I  the  set  of 
educed  invariants 

T; 


I. 

I.', 


f  (7  3 


I(/ 3  ^6}  I/'  3 


1.3  1/3  .  .  .3 


all  proper  to  the  rank  n  1  •,  and  there  is  a  similar  set  from  each  of  the  other 
invariants  J,  K,  .  .  . 

This  number,  however,  can  be  at  once  reduced  ;  for,  if  be  any  educed  invariant 
other  than  1'  and  la,  we  have 


and  therefore 


r, 

1/73 


P 

dA  dA 

-  3 

d//  oj: 

OiAi  an 

di/  ’  a^c 


IM'  =  TM,  + 


which  shows  that  can  be  expressed  in  terms  of  I'  and  and  of  invariants  proper 
to  lower  ranks  if  M  be  different  from  J,  K,  .  .  and  that,  if  M  coincide  with  one  of  the 
invariants  J,  K,  .  ,  the  invariant  can  be  expressed  in  terms  of  the  set  I',  J',  .  .  ., 
the  set  la,  Ja,  .  .  .,  and  of  invariants  proper  to  lower  ranks. 

it  therefore  follows  that  the  invariants,  educed  from  the  absolute  irreducible 
invariants  I,  J,  K,  ,  .  ,  proper  to  the  rank  n,  can  be  expressed  in  terms  of  I',  J',  K',  .  .  .  ; 
la,  Ja,  Ka,  .  .  .  pi’oper  to  the  rank  n  1,  and  of  invariants  proper  to  lower  ranks. 
All  these  educed  invariants  are,  if  n  be  greater  than  3,  linear  in  the  partial  differential 
coefficients,  which  are  of  order  n  1,  and  so  determine  tiie  rank  of  the  invariants. 

We  know  that,  for  values  of  n  greater  than  3,  the  number  of  iiTeducible  invariants 
proper  to  the  rank  n  is  n  1,  all  of  which  can  be  made  absolute  on  division  by  an 
appropriate  power  of  Aq  ;  hence,  the  number  of  invariants  educed  as  above  is  2  (w  +  1), 
which  must  all  be  expressible  in  terms  of  the  n  -f-  2  irreducible  invariants  proper  to 
the  rank  w  +  1.  But  so  far  there  is  nothing  to  indicate  which  of  them,  or  how  many 
of  them,  are  equivalent  to  irreducible  invariants  proper  to  the  rank  to  which  they 
belong. 

28.  Again,  we  have  seen  that  there  are  four  simultaneous  invariants  of  two  func¬ 
tions  proper  to  the  rank  2,  and  that  there  is  a  single  invariant  proper  to  the  rank  1  ; 
so  that 
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Co  =  AoJ-^  C'o-A'oJ-L  ^o-^oJ- 


^'oJ 


2 


are  absolute  irreducible  invariants  proper  to  the  rank  2.  Let 


K‘'s-r|;)Co  =  F. 

K4.-Pa!,)v  =  «’ 

J  dx  ~  r 


a.r 

,  a 


p'a^)c«=F; 

P'|)C'.=  G'; 


then  F,  F',  G,  G',  0r,  are  eight  educed  invariants  proper  to  the  rank 

three.  But  instead  of  q  and  p,  or  q  and  'p ,  we  can  substitute  the  first  differential 
coefficients  of  any  unchanging  quantity,  say  of  any  one  of  the  absoiute  invariants 
Cq,  C'f),  &Q,  and  thus  educe  new  invariants.  All  these,  however,  can  be  expressed 
in  terms  of  the  set  of  eight  already  retained  ;  for  we  at  once  have 


and  therefore 


t  =  rF'-/F. 

F  ; 


1  /oCfi  d  0C(i  0  \ 

j~\dq  0.33  033  0y/ 


C'o  =  J  (F'  G  -  F  G'), 


which  proves  the  statement.'^ 

Hence,  through  the  present  class  of  eductive  operators  we  are  able  to  derive  from 
the  simultaneous  invariants  jDrope]’  to  a  rank  n  double  the  number  of  educed  invariants 
proper  to  the  next  higher  rank  ;  but  it  is  not  to  be  inferred  that  they  are  all  irredu¬ 
cible,  or  that  they  form  the  complete  system  of  irreducible  invariants  proper  to 
that  rank. 

29.  The  foregoing  linear  operators  are  not  the  only  eductive  operators  ;  in  fact, 
each  new  invariant  suggests  a  new  eductive  operator.  For  the  fundamental  property 
of  non-variation  on  the  part  of  2:,  the  differential  coefficients  of  wdiich  are  combined 
into  invariants,  enables  us  to  substitute  for  2;  any  other  unchanging  quantity,  such  as 
an  absolute  invariant.  Thus,  for  instance,  if  I  be  any  absolute  invariant,  then 


/ffi  Y 

\0y/  0*^^ 


01  01  0T_  /^Y  , 

dx  dq  dx  dy  \  dx  )  dy~ 


*  Similarly  for  functions  of  2  +  \z'  ;  tbus 


F  (s  -f-  \z')  —  F  -|-  \  {jp  -|-  F')  +  X“ -t-  -f  V  (G  -f- 
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the  same  function  of  I  as  Ah  is  of  z  ^  is  an  invariant  of  index  2,  and 


an 

0A 


0H 


01 


01 


-  2j’<i  a,  +  r'  53  +  2  -I  {'v  -  px)  5;  -  (?« -  p>)  a; 


3,'/ 


the  same  function  of  2  and  I  as  is  of  2  and  z ,  is  an  invariant  of  index  2. 

30.  The  expressions  for  educed  invariants  can  be  applied  as  follows  to  obtain  the 
expressions  for  the  efiects  of  the  operation  of  0;^,  @2,  @3,  0^,  (§  20)  on  differential 
coefficients  of  the  invariants  with  regard  to  the  variables. 


3  3  3 

Let  V  be  an  invariant  of  index  m,  and  let  the  operators  q  ^  ~  2^  f  > 


be  denoted  by  S  and  8'  respectively.  Then 


0?/ 


Vi  =  J8V  -mVSJ, 

=  JS'V  -  «iV8'J 

are  invariants  of  index  m  +  2  ;  they  must  satisfy  the  equations 

@1/=  0  =  %/=  %/=  %/■ 

Hence 

J0SV  =  mV0SJ, 

J0ST  =  mV08'J, 


are  satisfied  for  each  of  tlie  operators  0,  because  J  and  V  are  themselves  invariants. 
Now,  actual  substitution  gives 


and  therefore 


Now,  since 


and 


0^SJ  =  3qJ, 
038J  =  -  3pJ, 
038J  =  0, 

=  0, 


0^S'J  =  3^'j  ; 

02S'J  =  —  3j9'J  ; 
03S'J  =  0  ; 

0^8'J  =  0  ; 


0iSV  =  SqYm, 
=  —  SpYm, 
038V  =  0, 

0^8V  =  0, 


0^8'V  ==  SqYm ; 
0^8' V  =  —  Spj'Ym  ; 
038'V  =  0  ; 

048'V  =  0. 


0^  (8V)  =  50^ 
0^8'V  =  q'® 


0V 

0.r 

^  dr 


it  follows  from  the  first  pair  of  equations  that 

p  2 
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Similarly,  from  the  second  pair 


from  the  third  pair 


and  from  the  fourth  pair 


„  ... 

@1  ^  =  dmY 

VJC 

^^  di/  ~  ^ 


f  • 


3V  ^ 

(^o  =  0 

ox 

©.T  =  3  mV 


3?/ 


J 


^  sy  _ 

dx  ~~ 
0V 


av"^ 

?iy 


© 


•’  a.y 


0 


=  0 


av  . . 

By  -  - 


1 


av 

Y-  I 
a.  J 


And  the  general  laws,  of  which  these  are  particular  examples,  and  which  can  be 
established  by  means  of  the  successive  educts  of  the  invariant  V,  are 

a”V  ,  ,  .  a«-iv 

©,  =  5  (  3m  +  n  —  1  )  - r-r - 

a.'’*  a?/”  ^  1  s 

a«v  3"-^^ 

"  a.r"  a?/  ^  ax”  a ^  i 

a”V  _  _  a”A^  I ' 

dx^dif-’’  ~~  ^  ax’'“^a//“"’'+^ 

8”V  _  ^  0”  V 

ax”  “  0y  ”  a.r  ”  “  ^  a^*"  “  ^ 


From  these  the  effect  on  Y  of  any  combinations  in  any  order  of  the  operators 
a/a^;,  a/ay,  ©i,  ©o,  ©3,  @4,  can  be  deduced. 

31.  The  following  is  another  application  of  the  theory  of  eduction.  The  index  of 
IG)  is  6,  so  that  UgUo”®  is  an  absolute  invariant,  and  therefore 

(^3-,-x|;)u.U„- 

is  an  invariant,  say 

V  =  Vo  SU2  -  3U2  SUq. 
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Now  the  quantities  U  are  expressed  in  terms  of  the  quantities  A  ;  and  from  the 
values  of  those  quantities  it  at  once  follows  that 


BA 

8A„,  =  +  ^  +  {qr  -  +  {qs  -  tp) 


?q 


—  ■^m.+  1 

—  A,;,  2 


^  /8Ao  8A,„ 

\  d})  dq 


1  T 

2 


0)R  > 


8A„  3A„,\ 
dq  dp  ) 


and  therefore  in  particular 

SAq  =  A^, 

8Ai  =  A2 
S Ao  A^  —  ^ J Qj. 

Hence 

8U2=8(AoA2- Ai^) 

—  Ai-lAg  A^^Ag  -^AqJqj  a  ; 

and  therefore 

V  =  Ag^Ag  —  4AqA;^A2  d"  ^A^^  —  A^Hog  -h  AoAjJoi, 


an  invariant  proper  to  the  rank  5.  But 


Ug  =  Ao^Ag 


1  0 


3  d“  V 


is  an  invariant  proper  to  the  rank  5  ;  hence 

Z  =  V  Ug  =  ^  -I  AgAjAg  ^  AoUq2  +  AqAjJqi 

is  an  invariant,  and  it  is  evidently  proper  to  the  rank  4.  It  must,  therefore,  be 
expressible  in  terms  of  the  irreducible  invariants  within  the  rank  4  given  by 
Q55  Qg)  Q?’  Qqj  •  •  •  j  Qi3-  The  verification  of  this  inference  is  as  follows. 

32.  We  have 

Qi3  —  '^4.Pi3  j 


when  the  values  of  P^g  and  of  Pg — viz.  : 

(^i^Wjg  +  12upi^u^  +  SGWg^^)  and  ^  {uiU^  + 

respectively — are  substituted,  we  at  once  have 

Qi3  ~  '^4'^13  '^8^ 

=  A0A3  -  (-Ai)2  =  A0A2  -  Ai^, 

thus  identifying  Qjg  with  Uo. 
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Again,  we  have 

Qi2  —  H"  81m/Pg  2Pg® 

=  3w^X  +  81w/Pg  -  2P83 ; 

so  that  X,  denoting  fi^^4,"P;^3  +  P^P^g,  includes  all  terms  proper  to  the  rank  4.  When 
we  substitute  for  Pg,  P^,’  ^is  values  we  have 


X  =  —  12«3^  —  fuf^Vg)  +  (wi^'^Us  +  ISwpfgWg  +  SGWgh^^,) 


+  X', 


w 


here 


X'  =  {^u-{n,^Urj  —  —  -^^Vg)  +  '""'7  +  '’^u^~u^). 


U3 


Now,  for  the  hrst  part  of  X  we  have 


- X - =  Vl?,  +  AT  (^^->^13  +  %^13)  i 


and 


’V<B  +  «3«i3  =  -H  ( ?>  ^  +  ?  -0  J  g^,  +  ( <l  a;;  +  V 


Cp 


dq 


a«  \  /_  duj 
dp  /V  dp 


—  8'*'hJo2J 


the  former  of  the  two  last  lines  being  obtained  partly  from  the  forms  of  and 
and  partly  because  and  w^g  are  homogeneous  in  p  and  q.  Hence 

X  =  X'  +  +  f  %Jo2 

—  X  X;^A3  AqJq2, 

and  X'  includes  terms  of  rank  not  greater  than  3.  It  thus  appears  that  the  aggregate 
of  the  terms  proper  to  the  rank  4  are  functionally  the  same  in  Z  as  in  Q^g ;  and  we 
have 

Qi2  _  <27  u  ^P  — 


oil, 


‘>"4  "4 

X'  +  27t*/Po  -  I  A’  +  7  +  I 


Now,  from  §  13  we  have 


Joi  =  -  (^^Wg  +  upx..)  ; 


and  from  the  values  of  Py  and  Pg  it  follows  that 


Ua  ■= 


6^ 

-^8 


Vr. 


UM.  ,  2%, 
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Substituting  now  in  X',  in  Jq^,  and  for  Ug  the  values  as  given  for  Uj  and  Ug  in  the 
last  two  equations  (so  as  to  express  all  the  aggregates  of  coefficients  proper  to  the 
rank  3  in  terms  of  Pg,  P^,  Pg  and  to  leave  the  residue  of  terms — if  there  be  such  a 
residue — as  a  function  of  u^,  u.,,  Ug,  u^)  and  gathering  together  like  terms,  we  find 


P  " 
•2^8 


P 

8 


X'  +  27<Pg  -  I  ^  +  I  Voi  =  27u./Pg  4-  h  t;  +  9..,P,P 


_ 

2v., 


Hence  we  have 


Z  —  I  3  Qe  1 


and  it  follows  that  the  first  educt  of  U3  (=  Q^g)  when  reduced  hij  means  of  Ug  is 
functionally  equivalent  to  the  invariant  Qjg. 

33.  In  the  preceding  investigation  the  Jacobian  of  the  function  Aq  and  any  other 
function  of  the  series  in  §  16  entered.  The  following  formulm,  interesting  in 
themselves,  are  of  use  in  a  verification  that  Z  actually  satisfies  all  the  differential 
equations  which  are  characteristic  of  an  invariant : — 


For  m  >  2, 


and,  for  =  2, 


and,  for  m  >  2, 


and,  for  m  =  2, 


SAm-o  .  , ,  hA,„_3 


=  m(m-l)(q  f-’-  +  A,„_. 
Ai 

3A,| 


Ao 


0  A,„  _  2 

dp 

0A„ 


dq  - 

^‘2  '!A  - 

op 

0A(, 

0?  - 


—  m  {m 

—  m  {m 

2pq 

— 


1)  (pfp  +  A..,-8 

0A,„_3 

Cq 


-  1)P 


h 


j 


and,  for  all  values  of  m, 
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0  A„j  _  2 

^  dp 

.  0A,„_3 

dq 

.  0A,„  _  2 

op 

.  0A,„_o 


=  0 


1 


0A 


I 

I’  ; 


m  —  2 


d  'p  j 

d<i 


02 


-  =  0 


J 


From  these  it  follows  that,  if  neither  I  nor  m  be  zero, 


J/,  m  — 

{1  d~  1)  “k  2)  (qJi-i,m  —  A/_ 

dp  , 

)  +  (w 

+  1)  ('^A-f-  2) 

m—X  “k  A„j_ 

ah 

^  0p  /  j 

li 

s 

<1 

—  (^d“  l)(^d“2)  +  A^_ 

0A„A 
02  j 

—  ('To 

+  1)(to+2)(2A, 

—  A 

n—\  -^m- 

ay  ; 

dq  j  j 

Ag  J m  — 

b  -  A^J 

J 

and 

• 

11 

o 

< 

—  2q  (to  +  2)  A„,  -f  (to  +  2) 

(  to  -f- 

l)(gj 

4- —  A  ^1 
dp  ”^-7 

i 

1 

A2  J  0,  i,i  — 

22)  {m  +  2)  A,„  —  {m  -f  2)  {m 

+  1) 

(^^  J  0,  nt 

-1  0^ 

!>• 

i 

A3  J  0,  M  — 

0  =  A4J 0,  m 

J 

Connexion  with  Theory  of  Binary  Forms. 

34.  In  connexion  with  the  fact  (§  15)  that  the  irreducible  invariants  proper  to  the 
rank  3  are  expressible  in  terms  of  the  simultaneous  concomitants  of  Ag  and  A^,  viewed 
as  binary  forms  (quadratic  and  cubic)  in  q  and  —  p  as  variables,  it  is  important  to 
remark  that  the  equations  =  0  and  =  0  are  in  fact  the  difierential  equations 
satisfied  by  all  concomitants  of  binary  forms  which  have  q  and  —  p  for  their  variables, 
and  have 

r,  s,  t  ; 

a,  h,  c,  d ; 

e,  f  g,  h,  i ; 


for  their  coefficients,  that  is,  of  Aq,  A^,  Aj,  .  .  .  ,  viewed  as  binary  forms.  Each  form 
of  a  concomitant-system  satisfies  the  differential  equations  characteristic  of  its  con- 
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comitants  ;  and  it  thus  appears  how  Aq,  A^,  Ag,  .  .  .  are  (§§  9,  16)  simultaneous  solutions 
of  the  two  characteristic  equations  in  question.  Moreover,  since  the  Jacobian  of  two 
binary  forms  occurs  in  their  concomitant-system,  and  therefore  satisfies  the  charac¬ 
teristic  equations,  it  is  now  evident  that  the  quantities  denoted  by  being 

9A;  9A,,,  _  dM  9a„,  ^ 
dp  dq  dq  dp> 

must  satisfy  the  equations  ^ 

Hence,  it  appears  that  one  method  of  obtaining  the  irreducible  invariants,  which 
are  proper  to  the  rank  n  and  are  additional  to  those  proper  to  ranks  less  than  n,  is  as 
follows  : — (1)  to  obtain  the  concomitants  of  A,;_2,  and  the  simultaneous  concomitants 
of  A,;_2,  and  of  the  concomitant-system  of  A,i_3,  .  .  .  ,  A]^,  Aq,  viewed  as  binary 

forms  ;  (2)  to  frame  the  combinations  of  these  concomitants  which  will  satisfy  the 
remaining  characteristic  equations  =  0  =  Agjf ;  (3)  to  select  from  among  these 
combinations  such  as  are,  from  the  supposed  known  algebraical  relations  among  the 
concomitants,  found  to  be  irreducible. 

35.  Again,  in  the  case  of  binary  forms  in  two  systems  of  variables,  q  and  —  p, 
q  and  —  p',  and  with  coefficients 

r,  s,  t,  r\  s',  t', 

a,  b,  c,  d,  a,  h' ,  c ,  d', 


the  characteristic  equations  satisfied  by  their  simultaneous  concomitants  are  of  the 
form 


that  is, 


(Ag  A  g)  t//  _  0  —  (A^  -f-  A  4)  xjj, 
@^xjj  =  0  ~  ®^xp. 


And  every  solution  of  these  equations,  with  proper  limitations  as  to  degree  and  grade, 
is  a  concomitant.  Hence,  every  functional  invariant  of  the  two  dependent  variables 
2  and  z  already  considered  can  be  expressed  in  terms  of  simultaneous  ccncomitants  of 
the  set  of  quantities  Ag,  A'q  ;  A^,  A\  ;  .  .  .  ,  viewed  as  binary  forms  in  variables 
q  and  —  q  and  —  qd. 

Thus,  for  example,  we  have  seen  the  simultaneous  functional  invariants,  proper  to 
the  rank  2,  are  five  in  number,  and  they  are — one,  J,  being  the  covariant  p>q'  —  p'q  in 
the  variables  alone  ;  two,  Aq  and  A'q,  being  tlie  quadratic  forms  ;  and  two,  ^q  and  ^'q, 
which  can  be  exhibited  in  the  respective  forms 


and 


i  («  di'  +  P  i')  +  (2  I  +  P'  I) 


dq'  ^  dp' 


Q 
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which  are  combinations  of  polar  emanants  of  Aq  and  A'q,  the  fundamental  quadratic 
forms.  And,  from  the  note  to  §  24,  it  follows  that  they  can  also  be  represented  in  the 
forms 

3  34  +  2-’  S  +  ’’  3;  +  ^  5  +  ' 


dp 


0  0  0  0  9\a/ 


and  also  in  the  forms 


i  0^/  +  ’’ ^ 


dp 


dr- 

dr 


J//0, 

2  yJ-  dq  +  A.  +  ^  ^  ^ 


0.S' 

ds 


0f 

c 

dt 


0> 


0- 


36.  Returning  now  to  the  functional  invariants  of  only  a  single  dependent  variable, 
we  have  seen  that  they  are  combinations  of  the  simultaneous  covariants  of  Aq,  A^, 
A 2,  .  .  .  ,  considered  as  binary  forms  in  q  and  —  p  ;  and  all  these  simultaneous 
covariants  satisfy  the  equations  —  0,  and  must,  therefore,  be  expressible  in  terms 
of  iq,  ,  U-,  .  .  .  ,  u^,  ....  The  actual  expressions  may  be  obtained  as  follows: — 

From  the  values  of  the  quantities  u  we  have 


<  Ut^s  =  Wg  +  qyih, 

_  =  tq  +  ^qnu  +  qru.  ; 


r 


d  =  zq. 


j  ^qc  =  -  n.Q  A  pW5> 

?q2  0  =  tq  —  2piq  +  qru-^, 

ii^a  =  —  Ug  +  dqmri  —  dpru^  +  ; 


l  -  Wg, 

u^h  =  —  iqo  +  p^^g, 

\  =  Wn  -  2piqo  +  p%.g, 

—  SjAiqo  +  _p®?q, 

=  ^qg  —  4prq3  +  6^Aiq^  —  4p^iqQ  +  phqQ  ; 


and  so  on.  It  thus  appears  that  any  differential  coefficient  of  2,  when  multiplied  by 
a  power  of  ^q  equal  to  the  x-grade  of  the  differential  coefficient,  is  linearly  expressible 
in  terms  of  the  quantities  u  proper  to  its  rank,  the  coefficients  of  these  quantities  u 
in  the  expression  being  powers  of  u. 

But  in  the  case  of  the  function  A,;_3,  which  is 


0’  ^"-1,  n  p)"^’ 
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the  weights  of  its  concomitants  are  estimated  by  assigning  to  q,  i,  g)  •  •  • 
the  weights  0,  1,  2,  ...  in  succession,  that  is,  the  integers  which  represent  the  y-grade 
of  these  coefl&cients 

If  we  have  a  covariant  of  order  m  which  is  simultaneous  to  A„_2,  A„/_2,  A;;-/_o, 
.  .  .  ,  and  of  degrees  I,  V,  I" ,  ...  in  their  respective  coefficients,  and  its  leading  term 
be  Co9''“,  then  the  weight  of  Cq  is 

I  {nl  -b  nV  +  n"l"  —  m), 

whicli  is,  therefore,  the  number  representing  the  y-grade  of  Cg,  considered  as  the 
leading  term  of  a  functional  invariant.  Since  the  grade  of  each  of  the  coefficients 
of  A;(_3  is  n,  it  follows  that  the  grade  of  Cg,  so  far  as  it  involves  the  coefficients  of 
A„_3  is  In,  and,  therefore,  the  grade  of  Cg  is,  in  the  aggregate, 

nl  +  nl'  +  n"l"  . 


But  the  aggregate  grade  of  Cg  is  the  sum  of  the  .-r-grade  and  the  y-grade  ;  hence,  the 
ic-grade  of  Cg  is 

{nl  +  nV  +  n"l"  +  .  .  .  +  m). 

In  order,  then,  to  express  'F  in  terms  of  the  quantities  u,  we  should  proceed  to 
substitute  for  the  coefficients  r,  s,  t,  .  .  .  the  values  above  obtained,  and  assuming 

=  Cg2"'  —  +  .  .  .  , 

it  is  evident  that  the  only  term  in  ^  from  which  terms  independent  of  y)  can  come  is 
the  first  term.  Moreover,  since  is  expressible  as  a  function  of  the  quantities 
M  alone,  it  follows  that  when  these  substitutions  are  carried  out  the  terms  involving 
p  must  disappear,  for  p  is  the  only  non-u  quantity  which  enters  into  the  expressions 
substituted  ;  and  the  value  of  is,  therefore,  the  aggregate  of  terms  which  survive, 
that  is,  the  aggregate  of  terms  independent  of  p  arising  from  Cgf/™. 

Now,  in  Cg  this  aggregate  is  obtained  by  replacing  a  coefficient,  by  a  quantity 
±'ih  u-^  ;  since  Cg  is  isobaric  qua  seminvariant,  it  is  of  uniform  a;-grade  qua  part 

of  functional  invariant ;  and  therefore  the  result  of  these  substitutions  is  to  give  a 
function  of  u^,  Wg,  u^,  ,  divided  by  a  power  of  u-^  equal  to  the  cc-grade  of  Cg,  that 

is,  divided  by 

at  \(nl  +  n'V  +  n"l"  +  .  .  .  +  jn) 


If,  then,  Fg  denote  this  function  of  u^,  u^,  Uj^,  .  .  .  ,  we  have 


or 


+  •  -  •  —?«)  -vjr  —  p 

Q  2 
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37.  Hence  we  have  the  following  theorem  ; 

To  express  any  simultaneous  concomitant  of 

{r,  s,  tXq,  -  pf, 

{a,  b,  c,  dXq,  —  p>f, 

{e,f  h,  h,  iXq,  —  p)^ 


in  terms  of  the  quantities  u^,  u^,  u^,  .  .  .  ,  which  are  the  irreducible  solutions  of 

A^f  =  0,  the  equation  characteristic  of  all  these  concomitants,  it  is  sufficient  to  take  the 
coefficient  Cq  of  the  highest  power  of  q  in  to  construct  a  new  function  Fq,  which  is  the 
same  combination  of  the  coefficiejits  of 

{u^,  u^,  ufXT  — 

(—  —pf^ 


as  Cq  is  of  the  coefficie7its  of  the  binary  qualities,  and  to  divide  Fq  by  . . .  -m)_^ 

where  m  is  the  degree  of  ^  in  q  and  —  p,  and  I,  V ,  I", . . .  are  the  degrees  of  Cg  in  the 
coefficients  of  A„_o,  A;;/_2,  A,;//_2, . . .  respectively. 

The  theorem  is  illustrated  by  one  or  two  examples  which  have  already  occurred  in 
the  reduction  of  Qj,  Qg,  Qy.  Thus,  for  Hg  =  rt  —  s^,  we  have  only  one  quantic  entering 
into  its  composition,  viz.,  Aq  ;  so  that  n  =  2,  /  =  2  ;  I'  =  0  =  I"  ...  ,  and  m  =  0 
hence, 

up  •  2  •  3  Hg  =  U.2  —  uf, 

that  is, 

Hg  {in^u<^ 

Again 

—  Hg^  =  r  [qid  —  qc)  —  %s{p>c  —  qb)  +  t  {pb  —  qa) 

=  q{~  cr  2bs  —  at)  +  p  {dr  —  2cs  +  bt)  ; 

so  that  two  qualities  enter.  Thus,  we  have,  for  Hg^, 

n  —  2,  I  =  1  •, 

n  =  3,  /'  =  1  ;  I"  =  r  =  ...  =  0; 

m  =  1. 

Hence 

-  1  +  3  •  ^  Hgi  =  -u^{-  uf)  +  2wpi3  -Uof-  U^) 

—  upp,  +  2upi-  +  upi^ 


as  before  ;  and  so  for  others. 
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38.  We  might,  if  we  pleased,  carry  the  theorem  further,  for  every  simultaneous  con¬ 
comitant  satisfies  the  two  characteristic  equations  0,  =  0,  and  is  therefore 

expressible  in  terms  of  the  simultaneous  irreducible  solutions  of  these  two  equations. 
Such  irreducible  solutions  are  necessarily  functional  combinations  of  Wj,  u^,  u^,  .  .  . 
such  as  satisfy  0  ;  and,  as  in  the  earlier  cases  of  §§  14,  17,  it  is  easy  to  show 

that  these  irreducible  solutions  within  the  rank  three  are  equivalent  to  the  set 

=  Aq, 

—  Aj, 

{u^Urj  -j-  =  Jqj,  (dropping  a  factor  6) 

(wgWg  —  Urj^)  u-^~^  ■=  Hj, 

{u^u^  —  Su^u^Ug  -J-  2^7^)  =  Q, 

which  are  f,  Ayy,  <^,  .9-,  A,  Q  respectively  in  Gordan’s  notatiou.  Thus,  every  simul¬ 
taneous  concomitant  within  the  rank  three  can  be  expressed  algebraically — though 
not  necessarily  rationally — in  terms  of  these  six  quantities. 

The  actual  expression  can  be  obtained  by  a  development  of  the  method  adopted  in 
the  preceding  theorem.  It  is  first  necessary  to  replace  the  covariant  by  its  value  in 
terms  of  iq,  ii^,  u^,  .  .  .  ;  then  to  substitute  by  means  of  the  equations 


Ui.  -  Aq, 


Ug  —  Aj, 

u^Uf.Ug  =  -f  (miJqi  + 

Ur^i^ui  =  U'lhi^Q  +  (tqJoi  (iqJoi  +  ^qA^), 


for  u^,  ^q,  Wg,  lig,  u~,  Ug.  The  result,  we  know,  must  appear  as  a  function  of  Aq,  Hq,  A^, 
Jq^,  Hj,  Q  ;  and,  therefore,  the  terms  involving  Ug  will  disappear,  and  the  factors 
will  cancel. 

For  example,  in  the  case  of  Hq^,  =  p  (Gordan)  =  (Salmon),  we  have,  dropping 
the  factor  12  and  using  L^,  which  is  |  Hq^ 


=  —  u^Ug  —  2ugUrj  • 

=  ^  {ni  + 


2  (7^iJoi  +  ^^3Al)  -f-  q  yy  {W;^^A.q^H^  -f-  (hqJp^  q- %Ai)^} 


A, 


Ag  A;^ 


_  /Aj  -pj  I  Aq  „  Jqj“ 


so  that 


l^AqA,  =  +  Jq,^. 
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Similarly  for  others  of  the  simultaneous  concomitants  of  Aq  and  A^.  And  it  is  not 
difficult  to  show  that  all  functional  invariants  within  the  rank  4,  or,  what  is  the  equi¬ 
valent,  all  the  simultaneous  concomitants  of  Aq,  A^,  A3,  considered  as  three  binary 
forms,  can  be  expressed  in  terms  of  the  foregoing  six  quantities  Aq,  Hq,  A^^,  Jqj,  H^,  Q, 
and  the  succeeding  five,  viz. : — 

—  -^2> 

“h  ^^3^13)  ^  ~  ^02’ 

^13^)  '^i  ^  H2, 

——  4:1^2q'?/'22  “I”  ^  -  13* 

Inferences  can  also  be  deduced  as  to  the  expressibility  of  the  simultaneous  concomi¬ 

tants  of  Aq  and  A3  alone  as  simultaneous  quantics,  and  of  the  simultaneous  concomi¬ 
tants  of  Aj^  and  Ag  alone,  as  simultaneous  concomitants  ;  but  all  such  results  are 
chiefly  interesting  from  the  point  of  view  of  the  theory  of  binary  forms,  and  are  more 
useful  in  that  theory  than  in  the  theory  of  functional  invariants. 
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[Plates  1,  2.] 

Owing  to  the  representations  of  the  Committee  on  Solar  Physics,  who  communicated 
with  the  Royal  Society  the  desirability  of  observing  this  eclipse,  an  expedition  was 
organised  under  the  auspices  of  the  latter  body.  The  Council  of  the  Royal  Society 
having  requested  me  to  draw  up  a  report  on  the  Total  Eclipse  observed  at  Caroline 
Island,  I  undertook  the  task  so  far  as  relates  to  the  results  which  were  obtained  with 
the  same  instruments  which  were  employed  in  the  observations  of  the  Total  Eclipse 
in  Egypt  in  1882. 

Two  observers,  Mr.  IT.  Lawrance  and  Mr.  C.  R.  Woods,  who  had  both  taken 
part  in  the  Eclipse  Expedition  to  Egypt  as  assistants  to  Professors  Lockyer  and 
Schuster,  were  entrusted  with  the  arduous  duty  of  making  the  observations.  The 
expedition  was  devoted  entirely  to  photographic  work,  the  main  object  being  to  continue 
the  photographic  observations  which  had  been  carried  on  in  Egypt,  consisting  of  photo¬ 
graphs  of  the  corona  taken  on  very  rapid  plates  with  varying  exposure,  photographs 
of  the  corona  taken  with  a  slitless  spectroscope  (the  prismatic  camera),  and  a 
photograph  of  the  corona  spectrum,  the  image  of  the  moon  and  the  corona  being 
thrown  on  the  slit  cutting  the  diameter  of  the  former.  There  is  no  occasion  to  describe 
the  instruments  which  were  employed  for  the  first  two  classes  of  observations,  as  they 
have  been  fully  described  in  the  previous  communication  to  the  Royal  Society  by 
Professor  Schuster  and  myself  which  appears  in  the  ‘Philosophical  Transactions’  for 
1884.  The  photographic  spectroscope  which  was  employed  on  this  occasion  differed  in 
one  detail,  and  in  one  detail  only,  in  that  the  dispersion  was  doubled,  two  medium  dense 
flint  prisms  of  62^°  being  employed  instead  of  one  prism  of  the  same  angle.  The  expe¬ 
rience  gained  in  Egypt  seemed  to  show  that,  if  the  coronal  light  was  equally  bright  in  the 
two  eclipses,  the  rapid  plates  used  on  both  occasions  would  be  amply  adequate  to  secure 
photographs  with  the  larger  dispersion.  Besides  these  observations  several  others  were 
made,  but  did  not  meet  with  the  success  it  was  hoped  they  would  have  done.  A  photo¬ 
heliograph,  giving  a  4-inch  solar  image,  was  attached  to  an  equatorial  mount,  in  addition 
to  the  wooden  camera  carrying  a  lens  of  5  ft.  6  in.  focus,  with  which  the  smaller-sized 
pictures  of  the  corona  were  taken  in  Egypt.  The  pictures  taken  with  the  former, 
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though  sufficiently  exposed,  showed  that  n.  large  image  could  he  utilised.  They  were  not, 
however,  satisfactory,  owing  to  a  multiplicity  of  images  being  formed,  due  to  the  shake 
given  to  the  instrument  by  the  insertion  of  the  slides  in  the  smaller  instrument,  the 
large  pictures  requiring  considerably  more  exposure  than  these  latter.  In  the  matter 
of  spectroscopic  analysis  of  the  eclipse  phenomena,  Mr.  Lockyer  devised  an  ingenious 
contrivance  for  securing  impressions  of  the  bright  lines  seen  immediately  after  and 
before  totality.  These  photographs  were  only  partially  successful,  and  will  not  be 
considered  in  this  report.  The  number  of  instruments  to  be  used  by  the  two  observers 
and  the  assistants  they  hoped  to  obtain  were  nine,  entailing  the  use  of  11  cameras. 
Only  two  equatorial  mountings  accompanied  the  expedition,  and  it  was  impossible  to 
mount  all  these  instruments  on  them,  had  it  been  advisable,  indeed,  to  do  so.  A. 
siderostat,  having  a  12-inch  silver-on-glass  mirror,  was  therefore  taken,  four  of  the 
instruments  being  stationary,  reflected  light  being  utilised. 

The  following  was  the  disposition  of  the  instruments  : — 

On  the  1st  equatorial — 

A.  A  finder  of  3|-inch  aperture  was  attached  to  the  above  for  viewing  the 

eclipse. 

B.  A  7 -prism  spectroscope,  with  camera  attached,  for  obtaining  photograjDhs  near 

the  sun’s  limb  immediately  before  and  after  totality. 

C.  A  6 -inch  achromatic  telescope  by  Cooke,  of  York,  the  eye-piece  being  with¬ 

drawn.  Attached  to  it  was  a  Eutherfurd  grating  of  17,200  lipes  to  the 
inch,  to  be  used  for  obtaining  spectra  of  the  corona  in  the  1st  and  2nd  order, 
two  cameras  being  employed. 

D.  A  slit  spectroscope,  having  one  prism  of  dense  flint  glass.  The  condenser 

throwing  the  image  of  the  moon  on  the  slit  was  a  photographic  lens  by 
Dallmeyer,  of  6 -inch  focus. 

On  the  2nd  equatorial  were  mounted — 

M.  The  photoheliograph  for  taking  4-inch  pictures. 

N.  The  corona  camera,  having  a  lens  of  4-inch  aperture,  and  5  ft.  6  in.  focal  length. 

The  instruments  used  with  the  siderostat  were — 

F.  A  photographic  spectroscope  to  be  used  without  a  condenser,  consisting  of  one 

prism  of  white  flint,  a  collimator  4l  feet  long,  and  a  lens  attached  to  the 
camera  of  3 -inch  aperture,  and  of  about  9-inch  focus.  In  this  case  the  photo¬ 
graphic  ]3late  was  caused  to  move  vertically  during  exposure  of  the  plate  by 
means  of  clock-work  for  the  registration  of  bright  lines  immediately  before 
and  after  totality. 

G,  A  slit  spectroscope  of  two  prisms  of  the  same  dimensions  as  that  used  in 

Egypt  in  the  eclipse  of  1882,  and  described  in  Dr.  Schuster’s  and  my  report 
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in  the  ‘Phil.  Trans.,'  1884.  The  whole  apparatus  was  the  same  as  that 
described  in  that  paper,  with  the  exception  that  the  two  prisms  were  employed 
instead  of  one.  The  use  to  which  this  instrument  was  to  be  put  has  already 
been  referred  to. 

H.  The  prismatic  camera  also  described  in  the  paper  j  ust  referred  to. 

K  and  L.  A  concave  Rowland  grating  of  5  feet  focus  arranged  for  taking  ring 
spectra  in  the  1st  and  2nd  orders. 

(The  same  letters  are  attached  to  the  above  as  are  to  be  found  in  Appendix  II.  in 
the  instructions  for  adjustment  drawn  up  by  Mr.  Lockyer.) 

The  time  table  of  exposures  is  given  in  Appendix  III.,  and  the  times  indicated  were 
very  closely  followed. 

The  party  was  attached  to  the  American  Expedition  under  the  command  of 
Professor  Holden,  arrangements  to  this  effect  having  been  made  by  the  President  of 
the  Royal  Society.  The  instructions  issued  to  them  will  be  found  in  Appendix  I. 
The  combined  parties  were  taken  from  Panama  in  a  United  States  man-of-war, 
and  landed  on  Caroline  Island  on  April  20th,  The  instruments  were  ready  for  use 
on  the  3rd  May.  Owing  to  bad  weather  it  appears  that  the  trial  of  the  instruments 
was  much  impeded,  but  that  they  were  in  fair  working  order  by  the  6th,  the  day  of 
the  eclipse.  The  instruments  were  packed  up  on  the  7th  May  and  two  following 
days,  and  the  party  left  the  island  on  the  9th. 

The  following  are  the  notes  made  by  Messrs.  Woods  and  Lawrance  regarding 
the  atmospheric  conditions  immediately  after  the  eclipse  : — 

11.5 — Fleecy  clouds  over  sun. 

11.13 — Birds  flocking  in  air;  light  greyish. 

11.15 — Fleecy  clouds  over  sun. 

11.20—  „ 

11.30 — Totality  commenced  ;  sky  very  cloudy. 

4  minutes  before  totality — Bailey’s  beads  visible. 

2.45 — Totality  ;  Bailey’s  beads  more  plainly  seen. 

5  minutes  after  totality — Sky  clouded  over. 

They  described  the  corona  on  the  following  limb  as  being  very  full  of  detail,  with 
many  curved  rays.  Shortly  after  totality  they  saw  the  1474  line,  with  a  pocket 
spectroscope  having  a  condensing  lens  and  slit.  Taking  off  the  slit  they  saw  as  rings 
1474,  Dg,  and  C,  Dg  and  C  being  very  faint.  In  mid  totality  they  only  saw  the 
1474  line  very  bright  on  the  west  side. 

At  end  of  totality  the  structure  on  the  preceding  limb  is  described  by  them  as  most 
beautiful,  exceeding  the  other  side  in  detail.  In  the  spectroscope  they  saw  the  same 
rings,  but  the  1474  line  by  far  the  brightest.  The  spectrum  of  the  corona  during 
totality,  when  viewmd  with  a  pocket  spectroscope,  appeared  continuous  and  bright. 
The  light  was  nearly  as  bright  as  in  Egypt.  The  corona  extended  to  2-g  diameters, 
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and  strongly  resembled  that  of  1882.  Mr.  Woods  states  that  the  coronal  light  was 
more  natural  than  in  Egypt,  and  Mr.  Lawrance  describes  it  as  not  so  violet  as  in 
Egypt. 

Results. — Although  photographs  were  taken  successfully  in  nearly  every  instrument, 
it  is  to  be  regretted  that  the  majority  have  so  far  proved  to  be  of  but  little  use.  At 
present  I  have  not  been  able  to  utilise  for  measurement  more  than  the  photograph  of 
the  spectrum  of  the  corona  taken  with  the  two-prism  slit  spectroscope,  and  the  corona 
pliotographs  taken  in  the  camera  with  the  lens  of  5ft.  Gin.  focus.  These  last  had 
exposures  given  of  1  sec.,  2  secs.,  3  secs.,  10  secs.,  20  secs.,  and  120  secs. 

The  photographs  taken  with  the  slitless  spectroscopes  are  good,  but  they  possess  no 
great  features  of  interest.  The  prominences  were  of  small  height  and  few  in 
number,  and  I  have  been  unable  to  mark’  any  distinction  iu  the  light  they  emitted.  The 
riugs  of  light  due  to  1474,  Dg,  and  other  substances  which  were  noticed  in  the 
eclipse  of  1882  are  absent,  probably  because  of  the  greater  angular  diameter  of  the 
moon.  I  have,  therefore,  not  given  either  drawings  or  measurements  of  these 
photographs. 

The  negatives  of  the  corona  were  placed  at  my  request  in  the  hands  of  Mr.  Wesley, 
Assistant  Secretary  of  the  Royal  Astronomical  Society,  and  he  has  made  two  drawings 
from  them,  in  one  of  which  the  coronal  detail  near  the  limb  is  shown,  being  taken 
from  the  photographs  which  had  but  short  exposure,  and  in  the  other  the  coronal  detail 
further  from  the  sun,  being  sketched  from  the  photographs  to  which  long  exposure 
had  been  given.  The  general  features  of  the  corona  are  those  which  might  be 
expected  from  the  sun-spot  period  in  which  the  eclipse  took  place,  a  matter  which 
was  discussed  in  the  Report  of  the  Egyptian  Eclipse,  and  which  scarcely  need  be 
restated  here.  The  corona  spectrum  has  been  carefully  measured  by  Mr.  Lawrance 
and  myself  The  method  we  adopted  was  as  follows  : — First,  I  took  some  measure¬ 
ments  of  the  most  prominent  lines  and  recorded  them,  taking  out  the  wave-lengths 
by  the  same  method  employed  in  measuring  the  photograph  in  the  Egyptian  eclipse, 
the  reference  spectra  taken  after  the  eclipse  on  the  same  plate  being  utilised  for  the 
purpose.  Mr.  Lawrance  then  carefully  and  independently  measured  the  photograph 
three  separate  times.  All  lines  were  rejected  which  he  did  not  measure  in  all  these 
sets  of  measurements.  I  then  measured  it  myself  in  the  same  way,  and  rejected  all 
lines  which  did  not  appear  in  each  of  my  measures.  Finally,  the  lines  taken  as 
absolutely  present  were  those  which  appeared  in  my  expurgated  measures  and  in 
Mr.  Lawrance’s.  By  this  means  it  is  believed  that  every  line  of  which  there  can  be 
no  doubt  has  been  recorded,  whilst  there  are  many  others  whose  existence  is  doubtful 
but  which  are  probably  present.  Lists  of  each  sets  of  measures  are  given,  which  may 
be  useful  in  comparing  the  lines  obtained  in  this  photograph  with  the  Egyptian  nega¬ 
tives,  and  those  which  may  be  obtained  in  future  eclipses.  That  a  large  number  are 
coronal  lines  is  a  fact,  and  the  coincidences  between  those  found  in  the  photograph  now 
under  discussion  and  the  Egyptian  one,  in  which  all  the  lines  given  were  undoubtedly 
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coronal,  is  important.  It  will  be  better  in  future  eclipse  expeditions  to  place  the  slit 
of  the  spectroscope  tangential  to  the  moon’s  limb  in  preference  to  normally.  This 
has  been  done  in  the  recent  eclipse  observed  in  the  West  Indies  (August,  1886),  with 
most  satisfactory  results.  The  chief  point  to  attain  is  to  separate  all  prominence 
light  from  the  coronal  light,  as  it  tends  to  mask  the  true  spectrum  of  the  latter. 
From  the  photographs  I  have  examined  I  have  come  to  the  conclusion  that  not  much 
more  is  to  be  learnt  at  present  from  them.  It  may  be  that  as  more  eclipses  come  to 
be  observed  with  the  same  instruments,  or  at  all  events  on  the  same  lines,  the  photo¬ 
graphs  of  the  Caroline  Island  station  will  prove  to  be  of  greater  value  than  they  seem 
to  be  now. 

If  we  compare  the  corona  of  this  eclipse  wdth  that  of  the  eclipse  in  Egypt,  perhaps 
the  most  striking  feature  is  the  absence  of  the  hydrogen  lines.  In  Egypt  the  photo¬ 
graph  shows,  besides  the  lines  which  may  be  presumed  to  be  hydrogen  at  H,  at  least 
two  other  lines  of  hydrogen,  \  4340  and  A.  4101.  In  the  Caroline  Island  photographs 
these  lines  are  entmely  absent.  It  may  be  well  to  draw  attention  to  the  fact  that  in 
the  former  eclipse  the  prominences  were  very  marked,  and  in  the  prismatic  (slitless) 
spectrum  the  hydrogen  rings  were  very  powerfully  shown.  In  the  eclipse  now  under 
consideration  the  prominences  were  very  small,  and  the  prismatic  (slitless)  spectrum 
gave  no  result  other  than  rings  at  H  and  K.  It  would  seem,  then,  that  the  corona 
at  the  time  of  the  Egyptian  eclipse  was  illuminated  more  or  less  by  the  prominence 
light.  If  this  be  admitted,  we  ought  to  find  that  the  corona  during  the  Caroline 
Island  eclijDse  was  illuminated  by  the  light  which  emanated  from  the  matter  which 
gave  H  and  K  so  strongly  in  the  ring  spectrum.  Looking  at  the  list  of  lines,  we  find 
that  such  is  the  case.  Calcium  was  evidently  present  in  the  light,  more  especially 
near  the  limb  of  the  moon.  We  find  that  three  calcium  lines  are  shown  reversed 
across  the  dark  moon,  and  two  iron  lines.  It  is  somewhat  hard  to  see  how  these 
reversed  lines  made  their  appearance  in  such  a  locality.  It  is  quite  evident  that  they 
must  be  due  to  reflected  light.  I  can  find  no  trace  of  Eraunhofee.  lines  about  G 
outside  the  corona,  such  as  Dr.  Schuster  and  myself  found  in  the  Egyptian  eclipse 
photograph,  and  which  would  be  the  first  to  appear  in  the  photographic  plate 
were  any  reflected  sunlight  as  it  reaches  us  present  in  those  regions.  It  should  be 
remarked  that  the  reversed  lines  across  the  moon  are  extremely  faint,  but  perfectly 
distinguishable  and  measurable.  Most  of  the  lines  in  the  spectrum  of  the  corona 
lie  near  the  moon’s  limb,  and  have  quite  a  different  aspect  to  those  delineated  in  the 
Egyptian  eclipse  negative,  and  some  of  them  are  probably  prominence  lines,  and 
I  think  it  wmuld  be  dangerous  to  found  any  theory  on  the  discovery  of  new  lines  in 
the  coronal  spectrum  from  the  list  of  lines  here  recorded. 

In  conclusion,  I  think  I  may  say  that  the  two  English  observers,  Mr.  H.  A. 
Lawrance  and  Mr.  C.  E.  Woods,  deserve  every  credit  for  the  amount  of  wmrk  they 
did.  The  large  number  of  instruments  they  were  called  upon  to  utilise  during  the 
eclipse,  and  wdiich  they  evidently  most  skilfully  manipulated,  could  only  have  been 
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done  by  those  who  were  tiioroughly  competent,  and  who  possessed  a  freedom  from  a 
tendency  to  excitement,  which  occasions  such  as  that  on  which  they  were  engaged  is 
apt  to  create,  more  especially  when  they  have  a  heavy  responsibility  resting  upon  them. 
The  results  they  brought  home  show  how  assiduously  they  worked,  and  how 
completely  they  carried  out  the  programme  with  which  they  were  entrusted. 


CoKONA  Spectrum,  1883. 


Abney’s 

measures, 

Laweance’s  measures, 

in  wave-lengths. 

in  wave-lengths. 

Adopted  lines. 

Remarks. 

1 

2 

1 

2 

3837 

3837 

3836  +  2 
3883 

3835 

3836 

3898 

.  3898 

3934 

3934 

3934 

3934 

39.34 

K  rever.sed  acros.s  moon  Fe  Ca 

3954 

3969 

3969 

3969 

3969 

3969 

H  reversed  across  moon  Fe  Ca 

3986 

3986 

, 

3998 

3997 

3998 

Rever'sed  across  moon  Fe 

4015 

4016 

4014 

4018 

4016 

E  4015 

4080 

4031 

4038 

4036 

4045 

4045 

E  4044 

4057 

4055 

4056 

E  4057 

4065 

4065 

4063 

4064 

E  4067 

4071 

4071 

4071 

Reversed  across  moon  Fe 

4076 

4074 

4075 

Ca  (4077) 

4081 

4081 

4086 

4085 

4085 

E  4085 

4092 

4092 

4094 

4092 

Reversed  across  moon  Ca 

4113 

4125 

4131 

4131 

Reversed  across  moon  Ca  Fe 

4137 

4142 

4142 

4146 

4144 

4153 

4158 

4169 

4169 

E  4168  Ca  4167 

4184 

4185 

4183 

4187 

4185 

4191 

4194 

4192 

E  4195 

4213 

42-20 

4213 

E  4213  Ca  Fe  Sr  (4215-5) 

4225 

4-227 

4228 

4227 

E  4224  Ca  Sr  (-1226-3) 

4248 

42371 
42-16  / 

4242 

TT'  A9A1  423.5-5 

®  iFe  4-24.5-2 

4253 

4249 

4254 

4261 

4274  +  2 

4255 

4255 

E  4252 

4279 

4279 

4280 

4279 

4290 

4291 

4291 

E  4289  Ca  Cr  Ce  4289-4 

4310 

4313 

4310 

4314 

4331 

4329 

4354 

4354 

4351 

4353 

4353 

Fe  5352 

4360 

4358 

4370 

4370 

4363  +  3 

4370 

E  4370 
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Corona  Spectrum,  1883  (continued). 


Abney’s  measures, 

Lawean'ce’s  measures. 

in  wave-lengths. 

in  wave-lengths. 

Adopted  lines. 

Remarks. 

1 

2 

1 

2 

4377 

4383 

4400 

4427 

4450 

4448 

4464 

4465 

4473 

4473 

4473 

B  4473  4471'4  often  in  pi’ominence.s 

4490 

4490 

4501 

4518 

4502 

4518 

4501 

B  4501 

4545 

4546  +  1 
4557 

4571 

4577 

4555  ±3 

4602 

4606 

4620 

4636 

4642 

4636 

4672 

4695 

4674 

4706 

4720 

4717 

4717 

4717 

Fe  4717 

4730 

4730 

4729  +  1 

4738 

4730 

Fe  4730-7 

4754 

4754 

4760 

4764 

4780 

4776 

4798 

4803 

4818 

4845 

4949 

4955  . 

E  signifies  lines  found  in  the  photograjili  of  the  corona  spectrum  taken  in  Egypt,  1882. 
In  the  column  marked  1  the  lines  were  found  in  three  different  measurements. 

In  the  column  marked  2  the  lines  were  found  in  two  different  measurements. 


In  the  adopted  spectrum  only  those  lines  which  were  each  measured  by  the  two 
computers  on  each  limb  of  the  moon  have  been  taken  as  coronal,  unless  a  coincidence 
was  noted  between  lines  measured  on  one  and  the  coronal  spectrum  of  1882  taken  in 
Egypt.  It  will  he  noted  that  lines  occurring  in  Ca  and  Fe  lie  very  close  to  those 
given  in  the  adopted  spectrum. 
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Appendix  I. 

Government  Eclipse  Expedition,  1883. 

Instructions  to  Observers. 

1.  In  case  of  any  difficulty  at  any  port,  either  on  going  out  or  coining  home, 
Mr.  Lawrance  to  hand  Foreign  Office  letter  herewith  to  the  British  Consul  at  that 
port,  and  ask  his  assistance. 

2.  On  joining  the  American  party,  Mr.  Lawrance  and  Mr.  Woods  to  report 
themselves  to  the  astronomer  in  charge  of  the  expedition,  and  to  hand  him  the  accom¬ 
panying  letter,  taking  his  advice  and  following  his  instructions  with  reference  to  the 
transference  of  the  instruments  to  the  United  States  ship  of  war. 

3.  On  arriving  at  the  place  of  observation,  the  instruments  to  be  erected  on  a  site 
to  be  chosen  by  the  American  astronomer  in  charge. 

4.  Packing  cases  to  be  re- closed  up  as  far  as  possible,  and  to  be  protected  from 
damage  and  the  weather.  Care  to  be  taken  not  to  damage  tin  cases. 

5.  The  gratings  to  be  kept  together,  and  special  precautions  to  be  taken  with  regard 
to  them,  as  also  with  the  silvering  of  the  siderostat  mirrors.  Mr.  Lawrance  to  give 
special  attention  to  this  point. 

6.  For  as  many  days  as  possible  before  the  eclipse  all  the  instruments  to  be  arranged 
as  during  the  eclipse,  and  from  11.23  a.m.,  local  mean  time,  to  11.48  a.m.,  local  mean 
time,  complete  rehearsals  of  all  the  observations  intended  to  be  made  during  the 
eclipse  to  be  most  rigidly  carried  out. 

7.  A  statement  of  the  days  on  which  these  rehearsals  have  been  made  to  be  given 
in  the  report  of  the  operations. 

8.  If  the  aforesaid  times,  derived  from  Mr.  Hind,  do  not  agree  with  the  times 
determined  by  the  American  astronomers,  the  instructions  of  the  astronomer  in  charge 
are  to  be  taken. 

9.  Instruments  to  be  focussed  and  trial  plates  taken,  if  possible,  at  least  three  days 
before  totality.  These  trial  plates  to  be  carefully  preserved. 

10.  The  rehearsal  on  the  day  before  the  eclipse  should  be  a  complete  rehearsal  with 
photographic  plates,  exactly  as  during  the  eclipse  itself ;  and  these  plates  to  be 
developed  at  once,  and  brought  home. 

11.  The  observers  should  confer  with  the  American  astronomer  in  charge  regarding 
time  signals  before  and  after  totality. 

12.  If  additional  observing  power  can  be  obtained  from  the  American  party,  the 
additional  observers  to  be  trained  to  obtain  photographs  with  the  photoheliographs, 
and,  if  desirable,  the  time  table  for  that  instrument  to  be  handed  over  to  them,  they 
being  placed  in  entire  charge  of  that  part  of  the  operations. 
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13.  If  such  assistance  cannot  be  afforded,  then,  if  the  photoheliograph  programme 
cannot  be  carried  out  in  its  entirety,  the  large  pictures  to  be  alone  attempted. 

14.  Special  attention  to  the  rating  of  the  clocks,  including  the  eclipse  clock  and 
siderostat,  to  be  given  at  least  three  days  before  the  eclipse. 

15.  A  quarter  of  an  hour  before  totality,  clocks  to  be  wound,  and  caps  and  stops 
which  had  been  hitherto  used  to  diminish  the  amount  of  light  to  be  removed,  if 
necessary. 

16.  The  timekeeper  should  be  asked  to  give  these  instructions  in  a  loud  voice,  as 
experience  has  shown  that  this  is  apt  to  be  forgotten. 

17.  In  the  observations  and  adjustments  during  the  eclipse,  no  deviation  from  the 
time  table  and  adjustments  to  be  made  except  after  consultation,  and  with  the 
approval  of  the  American  astronomer  in  charge. 

18.  The  clockwork  of  the  integrating  spectroscope  to  be  so  adjusted  that  the  plate 
will  fall  through  one  inch  in  eight  minutes. 

19.  The  distance  of  plate  from  concave  grating  to  be  that  given  by  Captain  Abney 
for  vertical  distortion. 

20.  In  equatorial,  the  slits  to  be  parallel  and  vertical  in  the  meridian,  and  their 
centres  lying  on  the  same  part  of  the  sun. 

21.  All  slits  to  be  in.  =  No.  2  on  Captain  Abney’s  screw,  with  the  exception  of 
the  integrating  spectroscope,  which  should  be  -3^0  in. 

22.  At  some  convenient  time — say  100  secs. — near  the  middle  of  totality,  the  slits 
of  equatorial  to  be  brought  to  the  point  of  reappearance. 

23.  The  plates  to  be  developed  and  copied  at  the  first  convenient  time  after  the 
eclipse  is  over. 

24.  Half  the  positives  and  half  the  negatives  to  be  handed  to  the  British  Consul  at 
Callao,  to  be  forwarded  to  the  Foreign  Office  for  transmission  to  the  Science  and  Art 
Department  by  the  next  mail  after  that  by  which  the  observers  leave. 

25.  On  arrival  at  Callao,  a  cypher  telegram  to  be  despatched  to  Secretary,  Ken¬ 
sington  Museum,  London,  giving  the  results  obtained  with  each  instrument,  and 
stating  any  other  matter  of  importance. 

26.  Great  care  to  be  taken  in  repacking  the  instruments  after  the  eclipse.  Tin 
cases  to  be  re-closed. 

27.  A  detailed  report,  to  be  prepared  before  arrival  at  Callao,  of  the  general  results 
to  be  posted  to  me  immediately  on  arrival  at  Callao,  in  case  of  any  delay  en  route. 

28.  If  a  convenient  opportunity  arises  for  sending  this  report  from  the  Marquesas, 
this  course  to  be  followed  as  well  as  the  other. 

29.  It  is  to  be  understood  that  the  records  of  the  eclipse  are  the  property  of  the 
British  Government. 

30.  In  case  no  pictures  are  taken  with  the  small  photoheliograph,  Mr.  Lawrance 
IS  requested  to  ask  the  American  astronomer  in  charge  for  an  oriented  positive  of  the 
corona  to  facilitate  reference  here. 
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31.  Mr.  Lawhance  is  empowered  to  hand  to  the  American  astronomer  in  charge 
jDositives  of  any  of  the  pictures  taken  by  the  English  party  which  he  may  requii'e  for 
a  similar  purpose,  and  to  obtain  a  receipt  for  them. 


J.  Norman  Lockyer, 
Feb.  16,  1883. 


W.  Spottiswoode,  Pres.  P.S., 
Feb.  16,  1883. 


Appendix  II. 

Adjustments. 

B.  Seven-prism  spectroscope. 

F  line  in  centre  of  plate. 

C.  Flat  grating  spectroscope. 

First  order— F  in  centre  of  plate. 

Second  order — F  in  centre  of  plate. 

I>.  Dense  prism. 

F  in  centre  of  plate. 

F.  Integrating  Hilger  (Flash). 

G  in  centre  of  plate. 

G.  Red  end  slit. 

H.  Red  end  prismatic  camera. 

K.  First  order  blue.  Rowland. 

F  in  centre  of  plate. 

L.  Second  order  blue.  Rowland. 

H  in  centr’e  of  plate. 

M.  4"  photoheliograph. 

See  that  sun  runs  along  horizontal  wire. 

N.  Small  photoheliograph. 

J.  Norman  Lockyer, 

Feb.  16,  1883. 


Time  Table. 
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Photoheliograplis. 
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C 
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2nd  order. 
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Expose 
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Red, 
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1 

Expose 

Expose 

Run 
j  inch 

Expose 

B 
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I  Siderostat. 

G 

Slit 

spectroscope. 
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K  L 
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The  following  Report  was  written  from  U.S.S.  “  Hartford/’  at  sea. 

April  20th,  at  7  o’clock  in  the  morning,  we  came  in  sight  of  Caroline  Island. 

A  boat  was  sent  off  under  Lieutenant  Qualteough,  and  on  his  return  we  learnt 
that  there  were  two  empty  frame-houses  belonging  to  Messrs.  Holder  Bros.,  of 
Leadenhall  Street,  to  whom  the  island  is  leased,  and  seven  native  inhabitants. 

The  disembarkation  commenced  that  afternoon,  and  was  concluded  next  day  ;  but,  as 
at  nightfall  a  large  part  of  the  goods  were  still  on  the  shore,  the  Hartford  ”  lay-by 
all  night,  and  landed  strong  parties  at  daylight,  to  carry  the  boxes  up  to  the  site 
chosen  by  Professor  Holden  for  the  observatory,  while  W.  M.  Peacock,  the  cooper, 
put  in  the  foundations  for  our  three  piers. 

The  landing  was  very  difficult,  as  the  boats  had  to  be  run  in  through  a  narrow 
opening  in  the  reef ;  then  the  boxes  had  to  be  carried  through  fifty  yards  or  so  of 
water,  varying  from  two  to  three  feet  deep  ;  then  over  fifty  yards  of  sharp  irregular 
coral  rock,  that  cut  the  men’s  shoes  to  pieces ;  and  then  along  a  soft  sandy  beach, 
up  hill,  for  more  than  a  quarter  of  a  mde.  Our  best  and  most  hearty  thanks  are  due 
to  Captain  C.  C.  Carpenter,  who  superintended  the  disembarkation ;  to  Lieutenant- 
Commander  E.  White,  the  executive  officer,  who  saw  personally  to  the  lading  of  the 
boats  ;  to  Lieutenant-Commander  J.  W.  Miller,  who  received  the  goods  on  shore  ; 
to  Lieutenant  Qualteough,  the  Cadets,  and  Warrant  Officers,  who  looked  after  the 
working  parties  on  shore. 

The  “  Eclaireur”  came  in  on  the  evening  of  the  22nd,  just  as  the  “  Hartford”  was 
leaving,  with  the  French  expedition,  consisting  of  Messrs.  Janssen,  Trouvelot, 
Palisa,  and  Tacchini. 

The  landing  party  left  with  us  consisted  of — 


Lieutenant  Edward  F.  Qualteough.  j 
William  S.  Dixon,  Esq.,  M,D.  [ 
Cadet,  W.  B.  Fletcher.  I 

Cadet,  J.  G.  Doyle.  > 

Seaman-Gunner,  H.  E.  Yewell, 
Carpenter,  Peter  Murphy.  j 

Carpenter’s  Mate,  Charles  Emms.  | 


Seaman,  James  Harold. 

O.  Seaman,  John  Mackinnon. 
O.  Seaman,  C.  H.  Perkins. 

O.  Seaman,  J.  Smith  (Cook). 
Steward,  P.  Burns. 

Servant,  T.  Brooks. 

Servant,  Mortimer  Spence. 


By  Saturday,  tlie  28th  of  April,  the  siderostat,  equatorial,  and  photoheliograph  were 
erected  and  adjusted  in  position.  The  arrangement  of  the  nest  of  spectroscopes  for 
use  with  the  siderostat  was  taken  in  hand,  and  the  spectroscopes  were  attached  to  the 
equatorial. 

We  had  a  great  deal  of  trouble  with  the  photoheliograph,  as  the  tube  did  not  fit  the 
cradle ;  the  clock  went  badly,  and  the  square  box  could  not  be  perfectly  adjusted  for 
parallelism. 
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By  Thursday  evening,  the  3rd  of  May,  we  were  nearly  ready  for  trial  plates,  which 
we  hoped  to  take  the  following  day;  bat  it  turned  wet,  and  before  noon  on  Friday 
over  five  inches  of  rain  had  fallen,  and  our  dark  room  was  destroyed,  all  the  dye  being 
washed  out  of  our  ruby  curtain  and  window. 

The  early  part  of  the  week  was  taken  up  in  arranging  the  various  spectroscopes, 
which  took  up  a  good  deal  of  time,  and  in  rating  the  clockwork  slide  and  equatorial 
and  photoheliograph  clocks. 

At  last  the  latter  went  fairly  well,  but  that  of  the  equatorial  could  not  be  made  to 
go  fast  enough,  so  that  recourse  had  to  be  made  to  the  fine  motions. 

On  the  day  previous  to  the  eclipse  the  weather  was  very  unsettled,  and  the 
rehearsals  and  final  adjustments  occupied  so  much  time  that  we  were  unable  to  take 
trial  plates. 

The  photoheliograph  stand  vibrated  so  badly  that  to  steady  it  two  cords  were 
attached  to  the  end  of  the  polar  axis  and  fastened  to  stakes  driven  in  the  ground. 

The  weather  on  the  6th  was  very  unsettled  till  about  9  o’clock,  when  the  sky 
commenced  to  clear  and  the  instruments  were  uncovered  ;  by  10  o’clock  the  sky  was 
moderately  clear.  After  first  contact  the  lenses  were  dusted,  slits  cleaned,  and  the 
adjustments  inspected.  Forty  minutes  before  totality  the  plateholders  which  had 
been  filled  during  the  night  were  served  out. 


The  following  are  the  reports  of  each  observer  of  the  work  done  during  totality; — ■ 

Mr.  H.  A.  Lawrance’s  Rejrort  of  work  done  during  the  Eclipse. 

About  40  minutes  before  totality  Mr.  Woods  gave  me  the  plateholders,  which 
I  put  into  the  cameras,  and  examined  the  screens  to  see  that  the  three  instruments 
were  in  good  adjustment,  then  I  moved  the  slides  ready  for  exposure  and  wound  the 
clock.  The  slits  of  the  spectroscopes  were  parallel  and  nearly  tangential  to  the  point 
Oi  disappearance. 

I  commenced  to  expose  10  minutes  before  totality,  and  followed  the  time  table, 
with  the  exception  that  100  seconds  after  totality  I  shifted  to  the  other  side  of  the 
sun  and  made  a  new  exposure  on  each  plate ;  after  totality,  by  mistake,  I  shifted  the 
grating  plates  at  3  instead  of  5  minutes.  I  took  reference  spectra  25  minutes  after 
totality. 

The  corona,  examined  through  the  finder,  was  full  of  delicate  detail  near  the  limb, 
especially  upon  the  preceding  one. 

With  a  pocket  spectroscope,  with  lens  in  front  of  the  slit,  I  only  saw  the  green  line 
1474;  and,  taking  off  the  slit  and  examining  with  the  prism  at  mid-totality,  I  saw 
the  1474  ring  very  brilliant,  while  C  and  Dg  were  faint,  with  a  lot  of  continuous 
spectrum.  F  I  could  not  see,  although  I  looked  for  it. 


H.  A.  La-Wrance. 
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Mr,  C.  R.  Woods’  Report. 

The  instruments  under  my  charge  were  arranged  as  proposed  in  Engdand,  the 
integrating  spectroscope,  slit  spectroscope,  and  prismatic  camera  being  adjusted  and 
focussed  with  F  in  the  centre  of  the  plate.  The  Rowland  grating  was  placed  normal 
with  the  siderostat  mirror,  and  the  first  and  second  order  on  the  brightest  side 
adjusted,  with  F  and  FI  respectively  in  the  centres  of  the  plates.  Some  difficulty 
was  experienced  in  getting  the  clockwork  to  move  the  slide  of  the  integrating 
spectroscope  sufficiently  slow,  as  the  desired  rate  of  speed  had  been  changed  too  late 
before  starting  to  enable  the  alteration  to  be  made  at  home ;  during  the  8  minutes’ 
run  of  the  clock  the  plate  was  moved  through  the  space  of  inches. 

Five  minutes  previous  to  totality  the  siderostat  mirror  was  finally  adjusted  and  the 
clock  wound  up.  A  red  end  collodion  plate,  coated  15  minutes  before,  was  then 
washed  and  placed  in  one  of  the  prismatic  camera  slides.  All  other  slides  had  been 
filled  the  night  previously  with  gelatine  plates.  At  one  minute  before  totality  (not 
2  seconds,  as  stated,  I  believe  erroneously,  in  the  instructions),  the  clockwork  of  the 
integrating  spectroscope  slide  was  started.  At  40  seconds  before,  total  exposures  were 
made  in  the  Rowland  grating  cameras.  At  totality,  the  j^rismatic  camera  and  slit 
spectroscope  were  opened.  The  three  exposures  in  the  former  instrument  were  per¬ 
formed  as  arranged,  the  last  being  closed  5  seconds  after  the  lapse  of  300  seconds. 
The  slit  spectroscope  was  closed  at  the  end  of  the  300  seconds.  The  exposures  in  the 
Rowland  grating  were  carried  out  strictly  to  programme,  except  as  to  the  last 
exposure  during  totality,  when,  owing  to  longer  totality  than  was  expected,^  the  jalates 
were  moved  up  between  10  and  15  seconds  after  the  lapse  of  the  5  minutes.  The 
clock  of  the  integrating  spectroscope  ran  down  at  about  1-|  minutes  after  totality, 
and  the  slit  was  covered  over  simultaneously  with  the  stopping  of  the  clock. 

Several  long  intervals  during  exposures  enabled  me  to  look  at  the  corona  and  my 
surroundings.  The  corona  resembled  that  of  1882  in  its  general  character,  the 
streamers  seeming  to  extend  to  a  little  over  2  diameters.  Several  stars  were  visible, 
but  the  amount  of  illumination  of  the  sky  seemed  little  less  than  that  of  the  Egyptian 
eclipse  ;  but,  unlike  the  latter,  its  light  was  more  natural,  and  the  landscape  lacked  the 
weird  colouring  that  was  so  noticeable  during  the  eclipse  last  year. 

Two  minutes  after  totality  I  took  the  red  end  plate  into  the  dark  room  to  develop 
it.  Having  to  manipulate  it  almost  in  the  dark,  it  got  torn  in  putting  it  in.  On 
letting  in  orange  light,  half  of  it  was  still  on  the  plate,  but  nothing  appeared  on  that 
part,  which,  in  spite  of  my  utmost  care,  also  tore  into  several  pieces,  leaving  nothing 
on  the  j)late  save  the  gelatine  edging. 

Five  minutes  after  the  eclipse  a  cloud  passed  over  the  sun,  and  shortly  after  the 
sky  clouded  over. 

The  plates  were  developed  in  the  evening,  and  the  copies  made  on  the  two 
following  nights. 
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The  six  photographs  taken  with  the  small  photoheliograph  are  very  good,  the  one 
with  2  minutes’  exposure  extending  as  far  as  those  of  Janssen,  which  were  exposed 
during  the  whole  totality.  All  taken  with  the  large  instrument  show  slight  shifts, 
probably  due  to  the  changing  of  the  slides  in  the  smaller  instrument ;  still  they  will 
be  useful  in  making  out  the  detail  near  the  limb,  and  we  believe  that  from  the  nine 
plates  a  drawing  can  be  made  that  will  show  the  whole  structure  from  the  limb  to 
the  furthest  extension  of  the  corona. 

With  tlie  second  order  flat  grating  apparently  we  do  not  seem  to  have  caught 
anything,  but  before  stating  that  we  have  been  unsuccessful  we  must  examine  the 
plate  under  better  conditions  of  illumination ;  in  the  first  order  grating  H  and  K  are 
present  as  bright  lines  at  the  commencement  and  end  of  totality  ;  the  dense  prism 
spectroscope  also  shows  bright  lines  at  the  beginning  and  end,  especially  at  the  end, 
H,  K,  h,f,  F  being  very  marked. 

Two  gelatine  red  end  plates  in  the  prismatic  camera  were  successful  as  photographs, 
but,  owing  to  the  comparative  absence  of  prominences,  will  not  be  so  fruitful  in  their 
results  as  the  photograph  obtained  with  this  instrument  in  1882.  The  slit  spectro¬ 
scope  gave  a  good  photograph  from  the  ultra-violet  to  the  green.  The  spectrum 
appears  mainly  continuous,  but  differs  on  the  two  sides  of  the  disc.  H  and  K  are 
very  marked,  but  do  not  extend  across  the  interval,  as  they  did  in  last  year’s.  The 
hydrogen  line  near  G  extends  out  nearly  a  solar  diameter;  h,  F,  and  1474  also 
appear.  There  are  other  lines,  but  they  are  not  so  numerous  as  in  the  1882  eclipse. 
The  Eowland  grating  seems  to  have  given  no  useful  results,  but  this  is  due  to  the 
same  cause  as  the  indifferent  results  in  the  prismatic  camera.  The  integrating  spec¬ 
troscope  was  successful.  There  was  little  or  no  perceptible  change  in  the  character 
of  the  spectrum  .till  just  before  totality,  when  the  brightest  lines  of  the  reversion 
spectrum  were  caught.  H  and  K,  1474,  and  the  hydrogen  lines  are  most  prominent. 
The  flash  was  also  caught  at  the  end  of  totality.  During  totality  no  result  appears 
to  have  been  obtained. 

We  commenced  packing  up  on  the  7th  ;  and  on  the  9th,  at  5  P.M.,  we  left  Caroline 
Island  for  Honolulu. 
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Properties  of  Propyl  Alcohol. 

By  Professor  William  Pamsay,  Ph.D.,  F.P.S.,  and  Professor 
Sydney  Young,  D.Sc. 


Received  Jime  14, — Read  June  21,  1888. 


[Plates  3-7,] 


In  continuation  of  our  investigations  of  the  thermal  properties  of  pure  liquids,  we 
have  now  determined  the  vapour-pressures,  vapour-densities,  and  expansion  in  the . 
liquid  and  gaseous  states,  of  Propyl  Alcohol,  and  from  these  results  we  have  calculated 
the  heats  of  vaporization  at  definite  temperatures.  The  range  of  temperature  is  from 
5°  to  280"^,  and  the  range  of  pressure  from  5  mms.  to  56,000  mms. 

Preparation  of  pure  Prop>yl  Alcohol. — A  sample  of  propyl  alcohol  was  procured 
from  Kahlbaum,  of  Berlin.  It  was  dried  with  barium  oxide,  and  then  with  small 
quantities  of  sodium ;  but  in  this  case  the  results  were  not  nearly  so  satisfactory  as 
with  methyl  and  ethyl  alcohol,  for  propyl  alcohol  is  soluble  in  water,  forming  a 
mixture  or  “  hydrate,”  which  boils  constantly  at  a  lower  temperature  than  the  pure 
alcohol.  It  is  not  completely  decomposed  by  sodium,  and  can  he  separated  only  by 
repeated  fractional  distillation.  This  hydrate  was  first  described  by  Chancel  (‘  Comptes 
Pendus,’  vol.  68,  1867,  p.  659),  who,  observing  that  it  boiled  with  perfect  constancy, 
assumed  that  it  possessed  a  definite  composition,  and  gave  it  the  formula  CgHgO,  HoO. 
It  has  more  recently  been  examined  by  Konowalow  (Wiedemann’s  ‘  Annalen,’  vol.  14, 
1881,  p.  34),  who  has  determined  the  vapour-pressures  of  varying  mixtures  of  propyl 
alcohol  and  water  at  definite  temperatures.  Konow^alow^  finds  that  the  composition 
of  the  mixture,  the  vapour  of  which  exerts  the  greatest  pressure,  is  not  the  same  at 
different  temperatures,  but  that  the  mixture  contains  more  alcohol  at  high  tempei’a- 
tures  than  at  low.  From  this  it  has  been  concluded  that  the  composition  of  the 
“hydrate”  must  depend  on  the  pressure  under  M'hich  the  liquid  is  distilled.  We 
have  proved  experimentally  that  this  is  the  case  (but  we  reserve  a  discussion  of  this 
interesting  substance  for  a  future  paper),  and  we  give  the  results  of  our  experiments 
in  an  Addendum  to  this  paper. 

After  repeated  fractionation  we  succeeded  in  obtaining  a  c^uantity  of  p]’0])yl  alcohol 
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^'hicli  boiled  almost  constantly  at  97‘^‘6  (the  rise  of  temperature  during  distillation 
being  less  than  0°'l)  under  a  pressure  of  763 'S  mms.  This  sample  was  employed  for 
the  determination  of  vapour-pressures  at  low  temperatures,  and  for  the  constants  at 
high  temperatures  with  quantities  A,  B,  and  D  (see  p.  140). 

The  specitic  grayity  of  the  alcohol  was  determined  seyeral  months  later,  and  a  fresh 
quantity  of  the  alcohol  was  prepared  from  the  hydrate  into  which  the  greater  part 
of  the  alcohol  had  been  conyerted.  The  hydrate  was  treated  with  dry  potassium 
carbonate,  when,  as  described  by  Chaxcel  (Ioc.  cit.),  two  layers  were  formed,  the 
lower  one  being  an  aqueous  solution  of  potassium  carbonate,  the  upper  one  consisting 
of  the  partially  hydrated  alcohol.  The  alcohol  was  fractionated  seyeral  times, 
potassium  carbonate  being  each  time  added  to  the  most  yolatile  distillate,  until  a 
quantity  was  obtained,  boiling  from  97°T  to  97°T5  under  a  pressure  of  752  mms. 

For  the  determinations  of  yapour-density  at  high  temperatures  with  quantity  C,  the 
alcohol  was  refractionated.  The  portion  employ  ed  boiled  constantly  at  97°T  under  a 
pressure  of  750 '6  mms. 

Beduced  to  760  mms.  these  temperatures  would  be  (1)  97°‘45  ;  (2)  97‘^'4 ;  (3)  97°'4. 

The  boiling-point  of  propyl  alcohol  has  been  determined  by  numerous  experi¬ 
menters,  and  the  results  obtained  by  several  are  very  concordant ;  the  most  reliable 
appear  to  be  the  following  :  — 


Observer. 

Keferenee. 

Pressure. 

Tempei-ature. 

Temper.vture 
reduced  to 

760  lums. 

Bkuhl .... 

■  Aimaleii  dei'  Ghemie,’  vol.  "200,  p.  173  . 

752-2 

97-97-2 

97-35 

Zantek  .  .  . 

214,  p.  153  .  . 

760-0 

97-40 

97-40 

Lina'eaiaax  .  . 

..  161.  p.  26  .  . 

760-0 

97-41 

97-41 

.SCHIEF  .  .  . 

..  220,  p.  101 .  . 

752-4 

97-10 

97-35 

Koxoavalow  .  . 

749-2 

97-00 

9i'37 

' 

Pierre  and  Puchot  g'Annales  de  Chimie,’  vol.  22,  1871,  p.  276)  found  98°;  and 
Perkix  (•' Chem.  Soc.  Trans.,’  yol.  45,  p.  446)  giyes  two  determinations:  97°‘5  to 
98°'5  and  98°,  but  the  boiling-point  of  the  alcohol  employed  in  the  final  determination 
of  specific  grayity  is  not  stated. 

A/^jK/ratu^'  emploi/cd. — The  apparatus  employed  Avas  the  same  as  that  described  in 
our  memoir  on  Ethyl  Oxide  (*' Phil.  Trans.,’  A,  1887,  p.  57). 
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Experimental  Hesults. 

Vapour- Pressures  at  Low  Temperatures. — These  were  determined  by  our  dynamical 
method.  The  thermometer  had  been  standardized  by  determinations  of  the  vapour- 
pressures  of  water  ;  its  zero  point  was  redetermined. 


Table  I. 


Pressure. 

Temperature.  , 

Pressure. 

Temperature.  ^ 

Pressure. 

Temperature. 

mms. 

0  i 

mills. 

0  1 

j  mms. 

5 '25 

5-5 

34-5 

33-7 

'  235-35 

69-5 

540 

4-9 

42-05 

36-95 

240-1 

70-0 

5'25 

5-5  1 

50-05 

40-0 

!  273-7 

72-85 

6-10 

7’5  1 

57-55 

42-3 

312-85 

75-85 

7-25 

9-7  ! 

67-6 

45-2 

355-8 

78-8 

870 

12-8  ! 

79-7 

48-2 

404-9 

81-9 

9-20 

13-4 

94-6 

51-4 

455-5 

84-6 

lO'oo 

15-6 

110-95 

54-5 

505-6 

87-0 

13-30 

18-7  ! 

1.30-8 

57-6 

561-9 

89-6 

16-40 

21-75  1 

151-85 

60-5 

615-1 

92-0 

20-30 

25-1  i 

175-3 

63-4 

672'7 

94-3 

24-55 

28-2 

201-1 

66-2 

j  760-7 

97-5 

29-.35 

31-1 

204-8 

66-7 

These  results  were  plotted  on  sectional  paper,  curves  drawn  through  them,  and  the 
pressures  corresponding  to  equal  intervals  of  temjierature  read  off. 

Specific  Gravity  of  Propyl  Alcohol. — A  Sprengel’s  tube  of  the  form  recommended 
by  Perkin  was  employed.  The  weighings  were  reduced  to  a  vacuum : — 


Weight  of  water  at  16°’7 
Capacity  of  tube  at  1G°7 
Weight  of  alcohol  at  0°  . 
Capacity  of  tube  at  0° 
Specific  gi’avity  at  0° 
Volume  of  1  grm.  at  0°  . 


Weight  of  alcohol  at  10°' 72 
Capacity  of  tube  at  10°72 
Specific  gravity  at  10°72 
Volume  of  1  grin,  at  10° 7 2 


. 15 '3 169  grms. 

. 15‘3339  c.cs. 

. 12 ‘5 57 7  grms. 

.  15*3275  c.cs. 

.  0*81929. 

.  1  *22056  c.cs. 


12*4338  grms. 
15*3316  c.cs. 
0*81099. 
1*23306  c.cs. 


The  results  of  other  observers*  are  not  very  easy  to  compare  with  ours  ;  some  of 
them  are  given  in  terms  of  water  at  0°,  others  at  4°,  and  others  again  at  the  same 

*  A  tabulated  .statement  of  determinations  of  tbe  boiling-point  and  specific  gravity  of  propyl  alcohol 
is  given  by  LossEX,  ‘  Annalen  der  Chemie  u.  Pharmacie,’  vol.  214,  p.  10.5. 
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temperature  as  the  alcohol.  The  best  method  of  comparison  appears  to  be  to  reduce 
the  results  of  other  observers  to  true  densities,  and  to  read  from  the  curve  constructed 
from  our  observations  the  densities  at  the  corresponding  temperatures.  The  most 
reliable  results  appear  to  be  the  following  (the  references  are  the  same  as  before) : — 


Observer. 

Specific  gravity  — 

Density  or  — 

Result  from  our  curve. 

Bruhl  . 

•8044  2074" 

•8044  at  20° 

•8035 

Zander  . 

•8069  I77O" 

•8068  at  17° 

•8059 

Ltnnejiann . 

•8066  I.57IV 

•8059  at  15° 

•8076 

Perkin . 

•80883  1.5715° 

•8082  at  15° 

•8076 

•80247  2572.5” 

•8002  at  25° 

•7995 

SCHIFF  . 

•7366  97°-l/4° 

•7366  at  97°-l 

•7353 

It  will  be  seen  that  our  results  are  in  close  agreement  with  those  of  other  observers  ; 
they  are  very  slightly  lower  than  most  of  the  others,  but  at  15°  our  result  is  rather 
higher  than  Linnemann’s. 

ConsUints  at  High  Temgyeratures. — Four  different  amounts  of  propyl  alcohol  were 
employed  for  these  determinations.  The  vapour-pressures  and  the  orthobaric  volumes 
and  compressibilities  of  the  liquid  were  determined  with  the  largest  quantity.  A,  the 
weight  of  which  was  calculated  from  its  volume  and  specific  gravity.  The  smaller 
cjuantities,  B,  C,  D,  were  employed  for  the  determinations  of  the  volumes  of  a  gram  of 
vapour.  The  weight  of  B  was  ascertained  by  comparisons  of  its  volume  with  that 
of  A  under  similar  conditions  of  temperature  and  pressure.  The  weight  of  C  was 
obtained  in  a  similar  manner  from  tliat  of  B,  and  the  weight  of  D  similarly  from  that 
of  C. 

Weight  of  quantity  A. — The  actual  volumes  of  this  quantity  at  various  tempera¬ 
tures  were  plotted  on  sectional  paper,  and  a  curve  drawn  through  the  points  ;  the 
volumes  at  0°  and  10°'72  were  read  off,  and  the  weight  calculated  from  the  densities 
at  those  temperatures. 

Volume  of  A  at  0°  .  .  0'32335.  Volume  of  1  grm.  at  0°  .  .  1 '22056. 

Volume  of  A  at  ]0°'72  .  0'32675.  Volume  of  1  grm.  at  10°'72  .  1'23306. 


Grm. 

Weight  from  volume  at  0° . 

0-26492 

Weight  from  volume  at  10°' 7 2  .  .  . 

0-26499 

Mean . 

0-26496 

Grm. 

Weight  of  B.  Mean  of  numerous  comparisons  with  A 

0-03763. 

Weight  of  C.  Mean  of  numerous  conqiarisons  with  B 

0-006015. 

Weight  of  D.  Mean  of  numerous  comparisons  with  C 

0-005180. 
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Constants  with  the  largest  quantity,  A. — The  vapour-pressures  at  each  temperature 
were,  as  usual,  determined  at  the  widest  possible  limits  of  volume. 

Volume  of  1  grm.  at  23°'7  =  1'2493.  Specific  gravity  0'8004. 

The  pure  liquids  employed  for  obtaining  constant  temperatures  were  carbon  bisul¬ 
phide,  ethyl  alcohol,  chlorobenzene,  bromobenzene,  aniline,  methyl  salicylate,  and 
bromonaphthalene  (‘ Chem.  Soc.  Trans.,’  1885,  p.  640).  We  think  it  unnecessary  to 
state  in  each  case  the  liquid  employed  and  the  pressure  under  which  it  boiled. 


Temperature. 

Volume  of  1  grm. 

Specific  gravity. 
(Weight  of  1  e.c.) 

Pressure. 

O 

c.cs. 

mms. 

30 

1-2569 

0-7956 

800 

1-2522 

32,590 

40 

1-2712 

0-7866 

800 

1-2659 

22,910 

1-2612 

53,480 

.50 

1-2850 

0-7782 

800 

1-2796 

19,730 

1-2743 

•• 

53,480 

60 

1-2992 

0-7697 

800 

1-2934 

23,730 

1-2873 

63,480 

70 

1-3137 

0-7612 

800 

1-3070 

26,210 

1-3017 

53,480 

80 

1-3298 

0-7520 

800 

1-3274 

6,750 

1  -.3207 

29,090 

1-3180 

53,480 

90 

1-3742 

0-7423 

800 

1-3412 

17,070 

1-3346 

37,970 

100 

,  , 

8421 

843 

842 

r 

843 J 

Mean  vap. -press. 

=  842-5 

1-3651 

0-7326 

800 

1-3618 

11,510 

1-3550 

31,910 

1-3483 

53,480 

no 

1,2041 

1,207 

1,205 

r 

1,207  J 

Mean  vap. -press. 

=  1,206 

1-.3863 

0-7214 

1,200 

1-3822 

7,415 

1-3754 

27,910 

1-3687 

47,480 
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Temperature. 

Volume  of  1  grm. 

Specific  gravity. 
(Weight  of  1  c.c.) 

'  1 

Pressure. 

O 

c.cs. 

mms. 

120 

,  , 

1,681Y 

1,683  1 

1,684  f 

1,684  J 

Mean  vap. -press. 

=  1,683 

1'4028 

0-7129 

1,684 

1-3961 

18,540 

1-3894 

35,000 

1-3833 

.. 

53,490 

130 

2,-292'| 

2,293  1 

2,291  f 

2,302  J 

Mean  vap. -press. 

=  2,295 

1-4292 

0-6997 

2,300 

1-4231 

12,300 

1-4163 

26,100 

1-4097 

40,290 

1-4031 

54,680 

140 

.. 

3,077-1 

3,071  1 

3,076  f 

3,072  J 

Mean  vap. -press. 

=  3,074 

1-4572 

1,160 

1-4546 

0-6875 

3,074 

1-4505 

7,305 

1-4439 

20,190 

1-4371 

33,430 

1-4303 

48,270 

150 

4,053-1 

4,062  1 

4,067  f 

' 

4,054  J 

Mean  vap. -press. 

=  4,059 

1-4835 

0-6741 

4,022 

1-4775 

11,250 

1-4708 

23,010 

1-4642 

35,230 

1-4576 

44,690 

160 

5,270^ 

i 

1 

5,257  1 

5,272  f 

5,259  J 

Mean  vap. -press. 

=  5,264 

1-5144 

0-6603 

5,294 
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Temperature. 

Volume  of  1  grm. 

Specific  gravity. 
(Weight  of  1  c.c.) 

I’ressure. 

O 

c.cs. 

mms. 

170 

6,657') 

6,720  1 

6,702  f 

6,702  J 

Mean  vap. -press. 

=  6,695 

1-5518 

0-6444 

6,750 

1-5458 

14,012 

1-5391 

22,689 

1-5323 

29,197  j 

1-5256 

38,919 

1-5189 

45,898 

1-5122 

55,431 

180 

8,374'| 

8,388  1 

8,387  f 

8,398 J 

Mean  vap.-piess. 

=  8,387 

1-5913 

0-6284 

8,560 

1-5865 

11,810 

1-5797 

18,710 

1-5730 

24,260 

1-5663 

31,430 

1-5596 

38,000 

1-5529 

45,750 

1-5497 

52,510 

190 

10,488') 

10.467  1 

10.468  ( 
10,441  J 

Mean  vap. -press. 

=  10,466 

1-6356 

0-6114 

10,410 

1-6343 

- 

12,020 

1-6274 

16,680 

1-6206 

22,040 

1-6138 

26,650 

1-6070 

32,250  1 

1  6004 

38,020 

1-5938 

43,800 

1-5869 

49,500 

200 

•  • 

12,807^ 

12,817  1 

12,831  f 
12,856  J 

Mean  vap. -press. 

=  12,828 

1-6888 

0-5921 

12,8-29 

1-6820 

16,540 

1-6753 

20,030  i 

1-6617 

27,840 

1-6481 

36,170 

1-6346 

45,710 

1-6278 

50,607  j 

1 
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Temperatm-e. 

Volume  of  1  grm. 

Specific  gravity. 
(Weight  of  1  c.c.) 

Pressure. 

O  . 

c.cs. 

mins.  1 

210 

15.525'!  i 

15,562  1  : 

15,614  f 
15,599  J 

Mean  vap. -press. 

=  15,575  i 

1-7489 

0-5718 

15,576 

1-7435 

17,910 

1-7299 

23,680  i 

1-7164 

29,580 

1-7028 

36,050 

1-6892 

43,240  ; 

1-6757 

51,690 

220 

18,626'! 
18,653  1  ! 

18,692  f 
18,712  J  1 

Mean  vap.-press. 

=  18,671 

1-8244 

0-5481 

18,695  1 

1-8121 

21,690  [ 

1-7985 

25,710 

1-7849 

29,860  i 

1-7713 

34,680  , 

1-7576 

39,970  ' 

1-7440 

45,540 

1-7304 

51,710 

230 

•22,108'! 
22,158  ( 
22,144  f 
22,234  J 

Mean  vap.-press. 

=  22,161 

1-9081 

0-5241 

22,223 

1-8944 

24,870 

1-8808 

27,520 

1-8672 

30,490  , 

1-8536 

33,900 

1-8399 

37,290 

1-8262 

41,090 

1-8126 

45,170 

1-7990 

49,810 

1-7854 

54,770 

240 

26,204'! 
26,224  1 
26,201  f 
26,204  J 

Mean  vap.-press. 

=  26,208 

2-0308 

0-4924 

26,202 

2-0182 

27,160 

2-0044 

28,640 

1-9907 

30,140 

1-9632 

33,860 

1-9360 

38,050 

1-9085 

43,430 

1-8812 

49,340 

1-8677 

53,170 

1 
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Temperature, 

Volume  of  1  grm. 

Specific  gravity. 
(Weight  of  1  c.c.) 

Pressure. 

c.cs. 

mms. 

250 

,  , 

30,729  ) 

30,725 

30,822 

> 

30,840  J 

Mean  vap.-press. 

=  30,779 

. 

2-2093 

0-4526 

30,831 

2-1989 

31,160 

2-1703 

32,470 

2-1426 

33,950 

2-1150 

35,640 

2-0875 

37,940 

2-0600 

40,.390 

2-0327 

43,470 

2-0049 

47,050 

1-9774 

51, .300 

260 

36,137'1 

36,087 

36,101 

f 

36,115J 

i 

Mean  vap.-prese. 

=  36,110 

2-5601 

0-3906 

36,115 

2-5468 

36,221 

2-4770 

36,880 

2-4072 

38,060 

2-3375 

39,560 

2-2680 

42,050 

2-1994 

45,380 

2-1294 

60,560 

2-1018 

53,260 

26.3T5 

37,950 

263-5 

.  , 

38,100 

263-54 

30102 

0-3322 

38,110 

263-64 

4-1697 

38,130 

(Critical 

3-4696 

38,110 

Temperature) 

3-0368 

38,120 

2-7568 

38,1.30 

2-6172 

.39,170 

2-4773 

40,760 

2-3378 

43,970 

2-2682 

46,960 

2-1997 

50,530 

2-1711 

52,950 

270 

4-1702 

41,540 

3-7496 

41,940 

3-4701 

42,150 

3-1770 

42,620 

' 

2-8973 

43,340 

2-7571 

44,000 

2-6172 

45,480 

2-4776 

.  . 

47,760 

2-3381 

52,130 

2-2686 

55,630 

280-1 

4-1713 

47,000 

3-7505 

48.040 

3-4710 

48,550 

3-1778 

49,730 

2-8981 

51,540 

2-7578 

53,310 

2-6179 

55,510 

M  DCCCLXXXIX. - A. 
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Second  Quantity,  B.  Weight  =  0 •03763, 


Temperature. 

Volume  of  1  grm. 

Pre.ssure. 

Y  apour-densit 

O 

c.cs. 

mms. 

230 

29-34 

14,1 15 

38-10 

26-. 38 

15,254 

39-14 

24-41 

16,114 

40-03 

22-35 

17,120 

41-16 

20-.38 

18,195 

42-46 

19-40 

18,793 

43-20 

18-41 

19,368 

44-16 

17-43 

20,037 

45-09 

16-45 

20,674 

46-33 

15-48 

21,373 

47-61 

14-50 

21,990 

49-39 

V  aponr-pressure 

=  22,094 

240 

29-35 

14,602 

37-48 

26-39 

15,866 

38-37 

23-34 

17,356 

39-65 

21-37 

18,483 

40-66 

19-40 

19,742 

41-93 

18-42 

20,376 

42-80 

17-43 

21,073 

43-72 

16-45 

21,848 

44-68 

15-48 

22,606 

45-89 

14-50 

23,388 

47-35 

13-54 

24,229 

48-97 

12-58 

25,067 

50-95 

11-62 

25,869 

53-44 

V  apoui’-jDressTire 

=  26,102 

250 

29-35 

15,098 

36-95 

26-39 

16,414 

37-80 

23-35 

18,012 

38-94 

21-38 

19,209 

39-87 

19-41 

20,575 

41-01 

17-44 

22,126 

42-44 

16-46 

22,897 

43-45 

15-49 

23,811 

44-41 

14-51 

24,688 

45-72 

13-54 

25,657 

47-13 

12-58 

26,635 

48-87 

11-62 

27,658 

50-94 

10-67 

28,725 

53-42 

9-72 

29,649 

56-81 

8-78 

30,546 

61-10 

Vapour-pi’essnre 

=  30  809 

260 

29-36 

15,647 

36-32 

26-41 

16,999 

37-18 

23-35 

18,710 

38-20 

21-38 

19,997 

39-03 

19-41 

21,424 

40-13 

17-44 

23,087 

41-44 

15-49 

'  24,939 

43-20 

13-54 

27,006 

45-62 

12-58 

28,178 

47-07 

11-62 

29,367 

48-89 

10-67 

30,586 

51-12 
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Temperature. 

V  olume  of  1  grm. 

Pressure. 

Vapour-density. 

•  O 

c.  cs. 

mms. 

260 

9-72 

31,867 

53-85 

8-78 

32,961 

57-69 

7-83 

.34,138 

62-45 

6-88 

35,275 

68-75 

6-41 

35,646 

73-06 

V  apour- pressure 

=  35,955 

26.3-64 

9-73 

32,467 

53-21 

(Critical 

8-78 

33,854 

56-54 

Temperature) 

7-83 

35,224 

60-92 

6-88 

36,433 

67-01 

j 

5-94 

37,309 

75-85 

4-99 

37,940 

88-66 

4-05 

37,969 

109-20  ! 

3-11 

38,068 

141-80  1 

2-64 

39,037 

162-70  1 

270 

29-37 

16,098 

35-96  i 

26-41 

17,548 

36-69 

23-36 

19,379 

37-56 

21-39 

20,744 

.38-.32 

19-42 

22,266 

39-32 

17-44 

24,002 

40-60 

15-49 

26,076 

42-08 

13-55 

28,373 

44-23 

11-63 

30,953 

47-24 

9-73 

33,807 

51-70 

7-83 

36,917 

58-81 

5-94 

39,765 

72-00 

5-00 

40,908 

85-13 

4-05 

41,753 

98-17 

3-11 

42,824 

127-50 

i 

2-64 

45,250 

142-00  ; 

2-36 

51,749 

139-00 

280-15 

29-38 

16,572 

35-58 

26-41 

18,097 

36-23 

23-36 

19,982 

37-10  t 

21-39 

21,417 

37-80 

19-42 

23,005 

38-76  ' 

17-45 

24,907 

.39-84 

15-50 

27,073 

41-28  ' 

13-55 

1  29,609 

1  43-16 

1 

11-63 

32,469 

1  45-86 

1 

1 

9-73 

35,803 

49-72 

7-83 

39,485 

56-00 

t 

5-94 

43,429 

67-14  ■ 

5-00 

45,290 

1  76-53 

4-05 

47,200 

1  90-50 

3-59 

48,304 

1  100-00 

3-11 

60,451 

110-20 

2-83 

52,312 

116-90 

Third  Quantity,  C.  The  experiments  with  this  quantity  were  made  with  a  new 
pressure  apparatus,  a  new  volume-tube,  and  new  pressure-gauges.  Fresh  samples  of 
methyl  salicylate  and  bromonaphthalene  were  also  employed  for  heating  the  tube. 
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At  each  temperature  the  propyl  alcohol  vapour  was  made  to  occupy  the  largest 
possible  volume,  and  was  left  for  several  hours  until  the  vapour-pressure  of  mercury 
had  attained  its  maximum.  Pteadings  were  taken  every  half  hour  to  ascertain  when 
the  pressure  had  become  constant.  The  subsequent  readings  were  taken  at  diminishing 
volumes. 


Temperature, 

Volume  of  1  grm. 

Pressure, 

Yapour-denr^ity.  j 

O 

c.cs.- 

mms. 

150 

172-8 

-2,359 

32-25 

162-4 

2,497 

32-41 

151-9 

2,657 

3-2-57 

141-4 

-2,838 

3-2-77 

130-8 

3,044 

33-01 

120-2 

3,281 

33-33 

109-5 

3,565 

33-66 

98-5 

3,891 

34-21 

V  apour-pressure 

=  4,053 

180 

17-2-9 

2,554 

32-02 

152-0 

2,884 

32-25 

130'9 

3,325 

32-48 

115-0 

3,745 

32-84 

98-8 

4,295 

33-31 

82-6 

5,043 

33-95 

66-3 

6,117 

34-80 

55-4 

7,091 

36-02 

49-9 

7,721 

.36-71  ' 

V  apour-pressure 

=  8,365 

20o 

173-0 

2,683 

31-67 

152-1 

3,033 

31-86 

131-0 

3,492 

32-14 

109-7 

4,129 

32-46 

93-5 

4,786 

32-85 

77-2 

5,683 

33-51 

60  9 

7,013 

34-43  t 

1 

49-9 

8,309 

35-44  ! 

44-5 

9,1.36 

.36-20  ‘ 

39-0 

10,129 

37-24 

33-5 

11,362 

38-63 

Vapour-pressure 

=  12,691 

220 

173-1 

2,813 

31-46 

152-2 

3,182 

31-64  1 

131-1 

3,667 

31-88  ; 

109-7 

4,335 

32-20 

93-5 

5,035 

32-53  1 

77-2 

.5,995 

33-09  1 

60-9 

7,435 

33-83 

1 

49-9 

8,8.50 

34-66 

39-0 

10,895 

36-07 

33-5 

12,318 

37-12 

28-0 

14,123 

38-81 

22-4 

16,454 

41-56 

19-6 

17,850 

43-73 

V  apour-pressure 

=  18,711 
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Temperature. 

Volume  of  1  grm. 

Pressure. 

Vapour-density. 

O 

c.cs. 

mms. 

230 

173-2 

2,881 

31-34 

162-8 

3,053 

31-46 

147-0 

3,367 

31-60 

I31-I 

3,761 

31-70 

II5-I 

4,252 

31-93 

99-0 

4,904 

32-21 

82-7 

5,783 

32-69 

60-4 

7,081 

33-28 

55-4 

8,317 

33-90 

44-0 

10,108 

34-76 

33-5 

12,784 

36-48 

22-4 

17,250 

40-44 

16-8 

20,587 

45-09 

V  apour-pressure 

=  22,183 

240 

173-2 

2,939 

31-32 

]  52-3 

3.327 

31-47 

I3I-I 

3,844 

31-63 

109-8 

4,552 

31-90 

93-6 

5,284 

32-24 

77-3 

6,304 

32-73 

60-9 

7,847 

33-34 

50-0 

9,380 

34-02 

44-5 

10,375 

34-54 

39-0 

11,606 

35-21 

33-5 

13,180 

36-08 

28-0 

15,215 

37-46 

22-4 

17,965 

39-50 

19-6 

19,674 

41-26 

16-8 

21,630 

43-76 

I4-I 

23,894 

47-43 

12-4 

25,344 

50-75 

V  apour-pressure 

=  26,227 

260 

173-3 

3,061 

31-23 

152-3 

3,469 

31-35 

I3I-2 

4,006 

31-52 

109-9 

4,746 

31-77 

93-6 

5,521 

32-04 

77-3 

6,593 

32-50 

61-0 

8,228 

33-02 

50-0 

9,860 

33-6O 

44-5 

10,929 

34-05 

39-0 

12,259 

34-62 

33-5 

13,977 

35-34 

28-0 

16,224 

36-49 

22-4 

19,320 

38-23 

19-7 

21,284 

39-61 

16-9 

23,612 

41-63 

14-1 

26,509 

44-39 

12-4 

28,499 

40-87 

11-3 

29,850 

49-12 

Vapour-pressure 

=  36,285 
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Temperature. 

V olume  of  1  grm. 

Pressure. 

Yapour-density. 

O 

c.cs. 

mms. 

279-9 

173-4 

.3,184 

31-13 

152-4 

3,609 

.31-24 

131-3 

4,168 

31-41 

109-9 

4,943 

31-63 

93-7 

5,754 

31-87 

77-3 

6,883 

32-28 

61-0 

8,596 

32-77 

50-0 

10,342 

33-22 

39-0 

12.904 

34-10 

33-6 

14,750 

.34-72  i 

28-0 

17,196 

35-69 

22-4 

20,581 

37-21 

19-7 

22,810 

.38-32 

16-9 

25,488 

39-98 

14-1 

28,886 

42-25 

Fourth  Quantity,  D.  The  experiments  with  this  quantity  were  made  with  the  old 
apparatus. 


Temperature. 

Volume  of  1  grm. 

Pres.sure. 

Vapour-density. 

O 

C.CS. 

mms. 

130 

212-6 

1,826 

32-26 

191-1 

2,014 

32-54 

184-0 

2,084 

32-66 

176-9 

2,158 

32-80 

169-1 

2,236 

.33-13 

Yapour-  pressure 

=  2,288 

150 

212-7 

1,940 

31-86 

191-2 

2,147 

32-02 

169-2 

2,402 

.32-35 

154-9 

2,607 

32-56 

140-6 

2,847 

32-84 

126-4 

3,134 

33-20 

112-2 

3,484 

33-63 

98-1 

3,905 

34-31 

V  apoiir-pressure 

=  4,023 

180 

212-9 

2,097 

31-68 

191-4 

2,320 

.31-85 

169-3 

2,612 

31-98 

155-0 

2,837 

82-15 

140-7 

3,102 

32-39 

126-5 

3,431 

32-59 

112-3 

.3,821 

32-96 

98-2 

4,320 

33-34 

84-3 

4,953 

33-88 

70-5 

5,809 

.34-53 
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Reduction  and  Arrangement  of  Results. 


Vapour- Pressures.- — The  vapour-pressures  experimentally  determined,  and  also 
those  calculated  by  the  formula  log  p  =  a  -V  ha}  c/3'',  are  given  in  the  following 
table : — 


Tem- 

Pressure. 

perature. 

Still 

method. 

A. 

B. 

C. 

D. 

Mean. 

Calculated. 

Ap, 

O 

0 

3-44 

3-44 

3-49 

+  -05 

10 

7-26 

7-26 

7-39 

•13 

20 

14-50 

14-5 

14-78 

•28 

30 

27-60 

27-6 

28-13 

•53 

40 

50-20 

50-2 

51-12 

•92 

50 

87-20 

87-2 

89-00 

1-80 

60 

147-00 

147-0 

148-97 

1-97 

70 

239-00 

2.39-0 

240-44 

1-44 

80 

376-00 

376-0 

375-31 

-  0-69 

90 

574-00 

574-0 

568-11 

-  5-89 

100 

842-5 

842-5 

835-89 

-  6-61 

110 

1206-0 

1206 

1198-2 

-  7-8 

120 

1683-0 

1683 

1677-0 

-  6-0 

130 

2295-0 

2288 

2293 

2295-9 

+  2-9 

140 

3074-0 

,  , 

3074 

3080-3 

6-3 

150 

4059-0 

4053 

4023 

4052 

4057-1 

5-1 

160 

5264-0 

5264 

5253-4 

-  10-6 

170 

6695-0 

,  , 

6695 

6697-8 

+  2-8 

180 

8.387-0 

8365 

838.3 

8418-8 

35-8 

190 

10466-0 

,  ^ 

10466 

10445 

-  21 

200 

12S28-0 

12691 

12801 

12809 

+  8 

210 

15575-0 

15575 

155.39 

-  36 

220 

18671-0 

18711 

18679 

18667 

-  12 

230 

22161-0 

22()k 

22183 

221.54 

22230 

+  76 

240 

26208-0 

26102 

26227 

26194 

26263 

69  1 

250 

30779-0 

30809 

30785 

30807 

22  ' 

260 

.36110-0 

35955 

362^ 

3610.3 

35908 

-  195  1 

1 

1 

In  calculating  the  mean  the  greatest  weight  has  always  been  given  to  the  deter¬ 
minations  with  the  largest  quantity,  A.  The  constants  employed  were  calculated 
from  pressures  at  20°,  80°,  140°,  200°,  and  260°.  The  constants  for  the  formula  a,re— ■ 


a  -  4-479370. 

log  h  =  r-3915059.  log  a  =  0-001641423. 

log  c  =  0-5509601.  log  /3  =  1-99657025. 

c  is  negative.  ^  =  ^°c  —  20. 

Determinations  of  the  vapour-pressures  of  propyl  alcohol  by  the  statical  method  are 
given  by  Konowalow.  They  are  reproduced  in  the  following  table,  together  with 
the  pressures  calculated  from  our  constants  for  Biot’s  formula.  It  is  to  be  noticed 
that  our  results  at  these  temperatures  were  obtained  by  the  dynamical  method. 
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Series  I. 


Temperature. 

Pressure. 

Temperature. 

Pres 

sure.  1 

Kono-U'alow 

observed. 

R.  and  Y. 
calculated. 

1 

Koxo-svalow 

observed. 

E.  and  T.  ' 

calculated.  | 

1 

O 

11-50 

8-1 

1 

8-2 

O 

59-40 

143-25 

144-6 

16-80 

10-0 

11-9 

59-90 

146-90 

148-3 

21-80 

17-2 

17-1 

70-40 

245-80 

245  0 

28-.35 

24-7 

25-4 

74-90 

304-20 

300-3 

30-60 

29-5 

29-2 

80-50 

384-10 

383-5  : 

33-75 

.35-7 

35-4 

81-75 

405-20 

404-7 

39-10 

48-3 

48-5 

81-90 

406-40 

407-2 

49-20 

85-3 

85-3 

89-60 

561-70 

559-3  i 

52-35 

101-0 

100-9 

98  60 

794-90 

793-4 

Series  II. 


Temperature. 

Pressure. 

Kono-walow 

observed. 

E.  and  T. 
calculated. 

0 

I6-5 

10-9 

11-65 

52-4 

101-1 

101-10 

59-9 

148-5 

148-30 

70-5 

247-7 

246-10 

82-1 

411-4 

410-60 

It  Vv'ill  be  seen  that,  with  the  single  exception  of  the  observation  at  16°'8  in 
Series  I.,  the  agreement  is  extremely  satisfactory.  The  vaponr-pressures  have  also 
been  determined  by  Dr.  A.  Eichaedson  by  our  method  (‘  Chem.  Soc.  Trans.,’  vol.  49, 
p.  763)  with  concordant  results. 


Orfhoharic  Volumes  of  I  Gram  of  Liquid. 


Tempera¬ 

ture. 

Volume. 

Specific 

gravity.* 

Tempera¬ 

ture. 

Volume. 

Specific 

gravity. 

-  Tempera- 
^  ture. 

Volume. 

Specific 

gravity. 

0 

0 

c.cs. 

1*221 

0-8193 

100 

C.CS. 

1*365 

0-7325 

200 

C.CS. 

1*689 

0-5920 

fO 

1-233 

0-8110 

110 

1-385 

0-7220 

210 

1-750 

0-5715 

20 

]-245 

0-8035 

120 

1-406 

0-7110 

220 

1-823 

0-5485 

30 

1-256 

0-7960 

130 

1-430 

0-6995 

230 

1-912 

0-5230 

40 

1-270 

0-7875 

140 

1  ’"loo 

0-6875 

,  240 

2-032 

0-4920 

50 

1-285 

0-7785 

150 

1-484 

0-6740 

250 

2-210 

0-4525 

60 

1-299 

0-7700 

160 

1-515 

0-6600 

1  260 

2-561 

0-3905 

70  . 

1-314 

0-7610 

170 

1-550 

0-6450 

263-15 

2-899  ■ 

03450 

80 

1-3.30 

0-7520 

180 

1-591 

0-6285 

263-50 

2-959 

0-3380 

90 

1-.347 

0-7425 

190 

1-637 

0-6110 

263-54 

3-012 

0-3320 

*  As  in  our  former  memoirs,  the  specific  gravities  are  referred  to  -neater  at  4°,  and  are  therefore  true 
masses  of  one  cubic  centimetre. 
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Orthoharic  Volumes  of  1  Gram  of  Vapour. 


Tempera¬ 

ture. 

Volume 
of  1  grm. 

Specific  gravity 
(mass  of  1  c.c.}. 

Vapour- 

density. 

Tempera¬ 

ture. 

Volume. 

Specific  gravity. 

Vapour- 

density. 

O 

80 

c.cs. 

958’0 

0-00104 

30-50 

1°80 

C.CS. 

44*50 

0-0225 

37-6 

90 

643-0 

0-00156 

30-90 

190 

35-40 

0-0282 

38-9 

100 

443-0 

0-00226 

31-30 

200 

28-30 

0-0353 

40-5 

110 

312-0 

0-00.320 

31-80 

210 

22-65 

0-0442 

42-7 

120 

225-0 

0-00443 

32-40 

220 

18-00 

0-0556 

45-6 

130 

165-0 

0-00605 

33-00 

230 

14-21 

0-0704 

49-5 

140 

124-0 

0-00805 

33-70 

240 

11-06 

0-0904 

54-9 

150 

93-9 

0-01060 

34-50 

250 

8-50 

0-1180 

62-1 

160 

72-3 

0-01380 

35-45 

260 

6-20 

0-1610 

74-4 

170 

56-4 

001770 

36-45 

The  following  table  gives  the  densities  of  the  unsaturated  vapour  at  equal  intervals 
of  temperature  and  pressure. 


Pressure. 

Temperatures. 

130° 

0 

O 

180° 

200° 

220° 

230° 

240° 

250° 

260° 

263°-64 

270° 

280° 

mms. 

2,000 

32-49 

31-95 

31-59 

31-33 

31-11 

30-99 

30-93 

30-80 

30-70 

4,000 

34-41 

33-06 

32-46 

32-04 

31-86 

31-71 

31-50 

31 -.32 

6,000 

34-80 

33-75 

33-02 

32-76 

32-52 

32-16 

31-89 

8,000 

37-02 

35-19 

34-17 

33-73 

33-39 

32-90 

32-50 

10,000 

37-11 

35-43 

34-86 

34-38 

33-66 

33-12 

12,000 

39-42 

36-93 

36-16 

35-50 

34-51 

33-78 

14,000 

38-85 

37-74 

36-84 

35-48 

,  ^ 

34-47 

16,000 

41-26 

39-63 

38-41 

zi-u 

36-51 

35-86 

35-23 

18,000 

44*40 

41-97 

40-23 

38-89 

37-72 

36-84 

36-06 

20,000 

45-00 

42-30 

40-47 

39-00 

37-89 

.36-97 

22,000 

48-99 

44-94 

42-33 

40-51 

39-10 

38-02 

24,000 

48-42 

44-70 

42-25 

40-48 

39-15 

26,000 

53-76 

47-70 

44-28 

42-03 

40-41 

28,000 

51-66 

46-62 

43-83 

41-82 

30,000 

57-90 

49-80 

46-02 

43  38 

32,000 

,  , 

54-66 

51-90 

48-72 

45-24 

34,000 

61-80 

56-97 

52-11 

47-43 

36,000 

64-32 

56-40 

50-01 

38,000 

,  , 

. . 

62-64 

53-16 

40,000 

. . 

57-12 

42,000 

1 

” 

62-40 

Heats  of  Vaporization. 


The  heats  of  vaporization  are  calculated  from  the  thermo-dynamical  formula, 

L  dp  t 

dt  fj 

MDCCCLXXXIX. - A.  X 
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The  values  of  dpjdt  were  calculated  in  the  same  manner  as  with  the  other  liquids. 
The  pressures  for  one-tenth  of  a  degree  above  and  below  the  required  temperature 
were  calculated  by  means  of  the  ecjuation  log  p  —  a  -h  and  the  difference 

was  multiplied  by  5  to  obtain  the  vaHie  for  1°.  The  pressures  were  reduced  to 
grams  per  square  centimetre,  and  the  value  of  J  was  taken  as  42,500. 


Temperature. 

■ 

dpjdt 

Si  — 

L. 

°  C. 

°  Abs. 

mms. 

grms. 

C.C3. 

cals. 

80 

353 

15-99 

21-7 

957-00 

173-0 

90 

363 

22-73 

30-9 

642-00 

169-0 

100 

373 

.31-16 

42-4 

442-00 

164-0 

110 

383 

41-70 

56-7 

311-00 

159-0 

120 

393 

54-45 

74-0 

224-00 

153-0 

1.30 

403 

69-75 

94-8 

164-00 

147-0 

140 

413 

87-60 

119-1 

123-00 

142-4 

150 

423 

108-20 

147-1 

92-40 

135-3 

160 

433 

131-50 

178-8 

70-80 

129-0 

170 

443 

157-80 

214-5 

54-90 

12-2-8 

180 

453 

187-00 

2.54-2 

42-90 

116-3 

190 

463 

219-00 

297-7 

33-80 

109-6 

200 

473 

254-00 

345-3 

26-60 

102-2 

210 

483 

292-50 

397-7 

20-90 

94-5 

220 

493 

334-00 

454-0 

16-20 

85-3 

230 

503 

379-00 

515-0 

12-30 

75-0 

240 

513 

428-00 

582-0 

9-03 

63-4 

250 

523 

481-00 

654-0 

6-29 

50-6 

260 

533 

540-00 

734-0 

3-64 

33-5 

The  heat  of  vaporization  of  propyl  alcohol  at  the  boiling-point  97°‘4  would  be 


165 ’2  calories. 


Pressui'es  and  Temperatures  of  Prop)yl  Alcohol  at  Definite  Volumes. 

In  our  previous  papers  we  have  given  tables  of  the  volumes  of  a  gram  of  substance 
at  definite  temperatures  and  pressures. 

We  have  recently  shown,  however,  in  two  papers  read  before  the  Physical  Society 
of  London  and  published  in  the  ‘Philosophical  Magazine’  (May  and  August,  1887), 
that,  when  the  volume  of  a  stable  liquid  or  gas  is  kept  constant,  a  very  simple  relation 
exists  between  the  pressure  and  the  absolute  temperature,  which  is  expressed  by  the 
equation 

j)  =  ht  —  a, 

where  p>  is  the  pressure,  t  the  absolute  temperature,  and  h  and  a  are  constants 
depending  on  the  substance  and  on  the  volume  occupied  by  a  gram  of  it. 

We  have,  therefore,  considered  it  better  to  construct  lines  of  equal  volume  or 
“  isochors,”  and  to  read  temperatures  and  pressures  from  the  isochors,  rather  than  to 
read  the  volumes  of  a  gram  from  isobars  constructed  from  the  isotherms. 

Owing  to  the  directions  assumed  by  the  isochors,  it  is  most  convenient  to  give 
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temperatures  (Centigrade)  at  definite  pressures  for  volumes  below  the  critical  volume, 
and  pressures  at  definite  temperatures  for  larger  volumes. 


Volumes  Smaller  than  Critical  Volume. 


Volume. 

— 

Pressure  in  metres  oj 

mercury 

- 

.5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

1-26 

32-40 

33-05 

33-70 

34-35 

35-00 

35-70 

36-35 

37-00 

37-65 

38-30 

39-00 

1-28 

48-10 

48-80 

49-50 

50-20 

50-90 

51-60 

52-30 

53-00 

53-70 

54-40 

55-10 

1-30 

62-80 

63-55 

64-30 

65-05 

65-80 

66-30 

67-05 

67-80 

68-55 

69-30 

70-00 

1-32 

75-40 

76-20 

77-00 

77-75 

78-55 

79-30 

80-10 

80-90 

81-65 

82-45 

83-20 

1-34 

87-55 

88-35 

89-15 

90-00 

90-80 

91-65 

92-45 

93-25 

94-10 

94-90 

95-75 

1-36 

98-85 

99-70 

100-55 

101-40 

102-30 

103-15 

104-00 

104-85 

105-60 

106-50 

107-35 

1-38 

109-00 

109-90 

110-80 

111-70 

112-60 

113-50 

1 14-40 

115-30 

116-20 

117-10 

118-00 

1-40 

118-40 

119-35 

120-30 

121-25 

122-20 

123-15 

124-10 

125’05 

126-00 

126-95 

127-90 

1-42 

127-05 

128-05 

129-05 

1.30-05 

131-05 

132-05 

133-05 

134-05 

135-05 

136-05 

137-05 

;  1-44 

134-75 

135-80 

1 36-85 

137-90 

138-90 

139-95 

141-00 

142-05 

14.3-10 

144-10 

145-15 

1-46 

142-00 

143-10 

144-20 

145-25 

146-35 

147-40 

148-50 

149-60 

150-65 

151-75 

152-80 

1  1-48 

148-55 

149-70 

150-85 

151-95 

153-10 

154-20 

155-35 

156-50 

157-60 

158-75 

159-85 

1-50 

155-85 

157-05 

158-20 

159-40 

160-55 

161-75 

162-95 

164-10 

165-.30 

166-45 

1-52 

161-85 

163-10 

164-30 

165-55 

166-75 

168-Ou 

169-25 

170-45 

171-70 

172-90 

'  1-54 

167-35 

168-60 

169-90 

171-15 

172-45 

172-70 

174-95 

176-25 

177-50 

178-80 

I-56 

172-40 

173-70 

175-05 

176-35 

177-70 

179-00 

180-30 

181-65 

182-95 

184-30 

1-58 

177-30 

178-70 

180-05 

181-40 

182-80 

184-20 

185-55 

186-95 

188-30 

189-70 

1-60 

183-15 

184-55 

186-00 

187-40 

188-85 

190-30 

191-70 

193-15 

194-55 

1-62 

187-65 

189-10 

190-60 

192-05 

193-55 

195-05 

196-50 

198-00 

199-55 

1-64 

191-95 

193-45 

195-00 

196-50 

198-05 

199-60 

201-10 

202-65 

204-15 

1-66 

195-50 

197-05. 

1.98-65 

.£00-20 

201-80 

.203-40 

204-95 

206-55 

208-10 

1-70 

202-40 

204-10 

205-80 

207-50 

209-20 

210-90 

212-60 

214-.30 

216-00 

175 

209-80 

211-65 

213-45 

215-30 

217-15 

219-00 

220-85 

222-65 

224-50 

1-80 

218-05 

220-00 

22-2-00 

224-00 

226-00 

228-00 

229-95 

231-96 

1'85 

225-75 

227-85 

230-00 

232-15 

234-30 

236-45 

238-55 

1-90 

230-60 

232-90 

235-20 

237-50 

239-80 

242-10 

244-40 

1-95 

237-00 

239-50 

241-95 

244-40 

246-90 

249-35 

2-00 

240-60 

243-25 

245-90 

248-55 

251-20 

253-80 

2T0 

248-80 

251-80 

254-80 

257-80 

260-80 

2-20 

' 

256-10 

-259-.50 

262-90 

266-.30 

2-30 

259-40 

263-25 

267-05 

270-90 

2-40 

261-70 

266-00 

270-25 

274-55 

2:50 

263-20 

267-95 

272-75 

277-50 

2-60 

264-30 

269-40 

274-50 

279-60 

270 

265-25 

270-45 

275-60 

2-80 

265-90 

271-40 

277-00 

2-90 

266-00 

272-00 

278-10 

3-00 

266-10 

272-60 

279-15 

It  is,  however,  possible  to  give  a  few  pressures  at  even  volumes  and  temperatures, 
and  these,  and  also  the  pressures  in  the  following  table  for  volumes  up  to  30  c.cs.  are 
represented  by  crosses  in  the  plates  (Plate  3  and  6). 
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Volumes  Larger  than  Critical  Volume. 


Volume. 

Temperature. 

130“ 

1.50° 

180° 

200°  • 

220° 

230°  ,  240° 

1 

250°  260° 

263°'64 

270° 

280° 

C.CS. 

o 

4 

5 

6 

7 

8 

9 

10 

12 

14 

16 

18 

20 

25 

30 

40 

50 

60 

80 

100 

120 

140 

170 

200 

2,258 

1,955 

3,898 

3,321 

2,876 

2,391 

2,063 

♦  • 

7,780 

6,695 

5,210 

4,252 

3,606 

3,120 

2,590 

2,224 

12,474 

9,998 

8,299 

7,109 

5,504 

4,488 

3,796 

3,283 

2,724 

2,332 

17,660 

15,340 

13,430 

10,656 

8,818 

7,523 

5,798 

4,724 

3,985 

3,447 

2,857 

2.439 

21,130 

19,800 

18,480 

15,940 

13,910 

10,985 

9,078 

7,730 

5,945 

4,842 

4,080 

3,528 

2,923 

2,493 

25,710 

23,910 

22,220 

20,7.30 

19,310 

16,540 

14,390 

11,314 

9,337 

7,937 

6,092 

4,960 

4,175 

3,610 

2,990 

2,547 

30, .390 
29,430 
27,270 
25,190 
2.3,310 
21,660 
20,130 
17,150 
14,860 

35,190 

34,000 

32,650 

31,360 

28,820 

26,470 

24,390 

22,580 

20,950 

17,750 

15,340 

11,972 

9,856 

8,351 

6,386 

5,196 

4,365 

3,772 

3,122 

2,6.54 

38,120 

38,120 

37,960 

37.280 

36.280 
.34,940 
33,480 

43,000 

41,680 

40,850 

39,610 

38,190 

36,580 

34,920 

33,.300 

30,380 

27,776 

25,480 

23,510 

21,780 

18,350 

15,820 

50,660 

47.280 
45,380 

43.280 
41,200 
39,150 
.37,180 
35,230 
31,940 
29,040 
26,570 
24,440 
22,600 
18,950 
16,300 
12,630 
10,375 

8,765 

6,680 

5,432 

4,555 

3,935 

3,255 

2,762 

These  pressures  agree  very  well  with  those  read  dkectly  from  the  isotherms,  except 
near  the  condensing  point  at  low  temperatures,  and  to  a  much  smaller  extent  at  high 
temperatures.  The  greatest  error  is  at  the  lowest  .pressure  at  150°,  and  amounts  to 
1’45  per  cent. 

The  approximate  critical  temperature  of  propyl  alcohol  is  263°'7,  the  approximate 
critical  pressure  38,120  mms.,  and  the  approximate  volume  of  1  grin.  3 '6  c.cs.  The 
first  two  of  these  constants  must  be  very  nearly  correct ;  the  third  ca.nnot  be  deter¬ 
mined  with  nearly  the  same  accuracy. 
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Addendum. 

(Added  February  II,  1889.) 

The  conclusions  of  Konowalow  (Joe.  cit.)  regarding  the  nature  of  the  so-called 
hydrate  of  propyl  alcohol  have  been  fully  confirmed.  It  was  found  that  the  compo¬ 
sition  of  the  mixture,  which  boiled  constantly  under  a  pressure  of  198 '7  mms.,  differed 
from  tliat  obtained  under  the  ordinary  atmospheric  pressure  ;  the  lower  the  pressure, 
the  higher  is  the  percentage  of  water  in  the  distillate. 

The  boiling-points  of  four  different  samples  of  the  mixture  were  determined  under 
pressures  varying  from  746  to  762  mms.  ;  corrected  to  760  mms.,  the  temperatures 
observed  were  87°'65,  87°'85,  87°’9,  and  87“‘6 — mean  87°‘75. 

The  vapour-pressures  were  determined  by  both  the  dynamical  and  statical  methods, 
with  the  following  results  :  — 


Dynamical  Method. 


Pressure. 

Temperature. 

Pressure. 

Temperature. 

Pressure. 

Temper, iture. 

mms. 

O 

mms. 

O 

mms. 

O 

5-75 

-  0-9 

38-9 

27-4 

1  269-8 

635 

6'75 

+  1-25 

46-0 

.30-2 

1  304-3 

66-1 

8T5 

4-1 

57-1 

33-6 

347-9 

69-1 

9-0 

5-5 

66-8 

36-3 

358-7 

69-8 

9-2 

5-85 

78-9 

39-2 

405-7 

72-6 

lOT 

7-2 

92-55 

42-2 

466-4 

75-9 

12-55 

9-8 

109-5 

45-3 

526-6 

78-9 

15-8 

13-3 

123-5 

47-65 

590-9 

81-9 

19-05 

16-1 

143-7 

50-5 

658-8 

84-5 

22-75 

18-7 

167-4 

53-6 

760-6 

87-9 

27-55 

21-7 

200-6 

57-4 

32-75 

24-6 

232-0 

60-3 

1 

Statical  Method. 


Temperature. 

Pressure. 

Pre.S3ure  read  from  curve 
constructed  from  results  by 
dynamical  method. 

O 

mms. 

mms. 

13-3 

16-6 

15-7 

15-1 

18-2 

17-7 

15-7 

19-2 

18-45 

25 

35-5 

33-8 

30 

47-9 

45-4 

40* 

83-8  and  83-95 

81-1 

50 

142-1 

138-9 

60 

231-7 

226-5 

70 

365-4 

361-5 

75 

452-7 

450-0 

*  The  following  pi'essures  were  also  observed  at  40°  in  the  vapour-density  tube : — 83‘o,  82'35,  82'55,  82'2.i). 
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It  will  be  seen  that  the  results  by  the  statical  method  are  uniformly  a  very  little 
higher  than  by  the  dynamical  method.  The  behaviour  of  the  substance  resembles 
that  of  an  imperfectly  purified  stable  substance  more  closely  than  that  of  a  dissociating 
body. 

A  considerable  number  of  determinations  of  vapour-density  were  made  under 
varying  conditions  of  temperature  and  pressure.  It  was  proved,  however,  that 
condensation — probably  of  water — took  place  on  the  sides  of  the  tube,  and  the 
results  at  the  same  temperature  and  pressure  could  be  made  to  vary  considerably 
by  altering  the  conditions  in  such  a  manner  as  to  increase  or  diminish  the  chance 
of  such  condensation  taking  place.  The  rise  of  vapour-density  at  low  temperatures  or 
high  pressures  was  in  no  case  greater  than  could  be  accounted  for  by  premature 
condensation  of  liquid,  and  the  only  conclusion  to  be  drawn  from  the  results  is  that 
combination  of  propyl  alcohol  and  water  does  not  take  j^lace  in  the  gaseous  state. 

The  contraction  on  mixing  propyl  alcohol  and  water  at  0°,  in  the  ratio  of  71*46  per 
cent,  of  alcohol  to  28*54  of  water,  was  ascertained  by  determining  the  specific 
gravities  of  the  alcohol  and  of  the  mixture,  that  of  water  being  known.  For 
1  grm.  of  the  mixture  the  contraction  was  0*0215  c.c.,  or  1*857  per  cent.  With 
ethyl  alcohol  and  methyl  alcohol  the  contraction  is  considerably  greater. 

It  may  be  stated,  in  conclusion,  that  we  have  obtained  no  experimental  evidence  of 
chemical  combination  between  propyl  alcohol  and  water. 
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In  the  preliminary  note  on  the  Badio-micrometer  which  I  had  the  lionoiir  to  present 
to  the  Boyal  Society  last  year  (1887),  I  promised  to  complete,  as  far  as  I  might  be 
able,  the  development  of  the  instrument,  and,  in  case  of  any  great  improvement  in  the 
proportions  of  the  parts,  to  exhibit  an  instrument  in  the  improved  form.  In  the 
present  paper  I  have  shown  how  the  best  sizes  of  the  several  parts  may  be  determined, 
and  how  the  best  result  may  be  attained. 

I  must,  however,  first  refer  to  the  fact  that  on  February  5,  1886,  M.  d’Arsonval 
showed,  at  a  meeting  of  the  Physical  Society  of  France,  an  instrument  called  by  him 
the  Thermo-galvanometer,  with  which  mine  is  in  all  essential  respects  identical.  The 
invention  of  an  instrument  for  measuring  radiant  heat,  in  which  one  junction  of  a 
closed  thermo-electric  circuit  suspended  in  a  strong  magnetic  field  is  exposed  to 
radiation,  is  due  entirely  to  M.  d’Arsonval,  and  I  need  hardly  say  that  it  was  in 
ignorance  of  the  fact  that  he  had  preceded  me  that  my  communication  was  made 
to  the  Boyal  Society.  As  soon  as  I  became  acquainted  with  M.  d’Arsonval’s  work,  I 
took  the  earliest  opportunity  of  admitting  his  claim  to  priority  (see  ‘  Nature,’  vol.  35, 
p.  549). 

I  venture,  however,  to  think  that,  although  the  difterences  between  M.  d’Arsonval’s 
thermo-galvanometer  and  my  radio-micrometer  are  essentially  differences  of  detail, 
that  even  at  the  time  of  my  original  communication  I  had  succeeded  in  producing  the 
most  sensitive  instrument  of  practical  utility,  with  the  exception  perhaps  of  the 
bolometer,  which  had  up  to  that  time  been  constructed  for  the  measurement  of  radiant 
energy.  As  1  hope  to  be  able  to  show  in  the  present  communication  that  I  have 
still  further  improved  the  proportions  of  the  several  parts,  it  may  perhaps  be  fortunate 
that  I  was  not  aware  that  so  able  and  ingenious  a  physicist  had  already  made  an 
instrument  with  the  properties  which  I  regarded  as  of  so  much  importance,  viz.,  the 
low  resistance  and  small  moment  of  inertia  of  the  circuit,  the  small  capacity  for  heat 
of  the  junction,  the  quickness  and  dead-beat  character  of  the  indications,  and  its 
freedom  from  extraneous  influences.  Had  I  known  of  M.  d’ Arson val’kS  work,  I  should 
probably  have  given  no  more  attention  to  the  idea. 
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It  may,  perhaps,  be  worth  mentioning  that  1  was  led  to  attempt  to  make  some 
improvement  in  the  thermopile  in  consequence  of  the  extraordinary  sensibility 
which  Professor  Langley  had  given  to  the  bolometer,  because  it  seemed  incredible 
that,  with  so  small  a  temperature  coefficient  of  resistance  as  metals  possess,  an  instru¬ 
ment  depending  on  change  of  resistance  should  compare  favourably  with  one  equally 
well  carried  out,  in  which  the  comparatively  large  electromotive  force  of  a  thermo¬ 
electric  junction  is  made  use  of. 

The  first  object  obviously  was  to  reduce  the  mass  of  the  exposed  part  of  the  pile. 
I  was,  therefore,  naturally  led  to  the  use  of  fine  wires  or  thin  plates  connected  with 
a  galvanometer  in  the  usual  way,  but  all  the  forms  which  such  an  instrument  might 
take  seemed  to  promise  very  little  after  the  idea  of  the  suspended  circuit  occurred  to 
me.  I,  therefore,  put  them  on  one  side,  and  devoted  myself  to  the  perfection  of  the 
instrument  which  forms  the  subject  of  the  present  paper.  I  notice,  however,  that 
there  is  an  account  of  an  instrument  of  such  a  kind  in  the  January  Number  of  the 
‘  Philosophical  Magazine’  of  this  year  (1888). 

The  considerations  which  led  to  the  use  of  the  general  form  of  circuit,  ix.,  one 
composed  of  a  thin  flat  bar  of  antimony  and  bismuth,  having  its  ends  connected  by  a 
thin  copper  wire,  which  forms  the  remaining  sides  of  a  square  or  rectangle,  are  very 
simple. 

A  pair  of  metals  must  be  chosen  which  have  a  high  thermo-electric  power,  and 
which  are  not  to  any  great  extent  magnetic,  and  which  can  be  made  exceedingly 
thin.  Of  ordinary  metals  antimony  and  bismuth  so  excel  others  in  thermo-electric 
power  that,  unless  they  fail  in  other  respects,  they  will  be  the  best  for  the  purpose. 
The  diamagnetism  is  but  a  small  disadvantage,  and  this  may  be  overcome.  The 
great  density  of  the  metals  is  objectionable  ;  further,  the  difficulty  of  making  the 
circuit  increases  as  these  metals  are  made  thinner.  The  low  conductivity  for  elec¬ 
tricity  of  these  metals  is  also  a  disadvantage,  but  this  is  balanced  by  their  corre¬ 
spondingly  low  conductivity  for  heat.  The  disadvantages  seem  to  be  more  than 
outweighed  by  the  great  thermo-electric  power  of  the  combination,  if  no  attempt  is 
made  to  complete  the  circuit  with  these  metals  only,  but  if  copper  is  used  for  this 
purpose.  In  this  way,  the  strongly  diamagnetic  metal  is  kept  out  of  the  intense  part 
of  the  field ;  the  high  conductivity  compared  to  its  mass  of  copper,  in  wdiich  respect 
aluminium  only  is  superior  (but  this  cannot  be  soldered),  is  made  use  of  to  convey  the 
current  from  one  end  of  the  bar  to  the  other,  round  a  circuit  which  may  be  of 
sufficient  extent  to  enclose  a  large  area  in  the  magnetic  field.  Thus,  the  copper  part 
of  the  circuit  may  have  less  weight  and  less  resistance  than  it  would  have  if  made  of 
antimony  and  bismuth. 

As  to  the  form  of  this  hoop  of  copper,  mechanical  considerations  determine  that  it 
shall  be  rectangular,  for  the  pole  pieces  and  central  core  could  not  conveniently  be 
made  to  suit  a  circuit  of  other  form ;  otherwise  it  wmuld  appear  that  a  cmcular  or 
elliptic  form  would  be  preferable. 
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I  have  attached  the  circuit  to  the  lower  end  of  a  very  thin  capillary  glass  tube 
about  G  cm.  long,  which  hangs  at  the  end  of  a  quartz  fibre,  made  by  the  bow  and 
arrow  process  described  in  the  ‘  .Philosophical  Magazine  ’  of  June,  1887.  Close  to  the 


Fig.  1. 


top  of  the  glass  tube  is  fastened  a  Very  light  galvanometer  mirror,  m,  so  that  the  heat 
which  may  fall  upon  it  shall  have  no  influence  on  the  junction  lower  down  (see  fig.  1). 
The  form  of  pole  pieces  which  I  have  used  is  shown  in  figs.  2  and  3,  which  are  a 
MDCCCLXXXIX. — A.  Y 
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plan  and  a  vertical  section  tlirongh  the  dotted  line  respectively.  The  central  drum 
of  iron,  which  serves  to  intensify  and  make  more  uniform  the  magnetic  field,  is  shown 
shaded  in  these  figures. 

The  copper  hoop  works  in  the  annular  space  between  the  pole  pieces  and  the 
central  drum,  where  tlie  field  is  most  intense,  while  the  active  bar  of  antimony  and 
bismuth  hangs  in  the  large  cavity  below  the  drum,  where  it  is  exposed  to  the  radiation 
to  be  measured  and  where  the  weakness  of  the  field  prevents  the  diamagnetism  from 
giving  trouble.  The  pole  pieces  are  screwed  to  massive  brass  plates,  which  cover  the 
upper,  front,  and  lower  sides.  The  ends  are  left  bare,  as  is  the  whole  of  the  other 
side,  which  rests  against  the  flat,  ends  of  a  powerful  horseshoe  magnet.  The 
remaining  uncovered  part  between  the  poles  of  the  magnet  is  covered  with  a  piece  of 
glass,  which  enables  one,  when  levelling  the  instrument,  to  see  if  the  circuit  is  free,  or, 
when  directing  a  spectrum  upon  the  junction,  to  see  that  the  desired  colour  is  in  its 
right  place.  It  also  protects  the  junction  from  air  currents.  Through  the  brass  plate 
forming  the  front  of  the  instrument,  exactly  opposite  the  junction,  passes  a  brass 
tube  open  at  the  ends.  This  may  carry  a  long  tube,  such  as  Professor  Langley  used 
in  the  bolometer,  fitted  with  gradually  diminishing  diaphragms,  which  effectually 
prevent  air-currents  from  penetrating  into  the  chamber.  It  should  also  carry,  just  in 
front  of  the  active  plate,  a  vertical  slit,  so  as  to  confine  the  received  radiation  to  the 
line  of  junction  and  as  small  a  distance  on  either  side  as  may  be  desired.  A  screw 
passing  through  the  front  plate  holds  the  iron  drum  securely  and  truly  in  its  place. 
The  upper  brass  plate  is  pierced  by  a  brass  tube,  about  31  cm.  long,  in  which  there  is 
a  window  at  the  level  of  the  mirror.  There  is  a  simple  form  of  torsion  head  at  the 
upper  end  of  the  tube  which  carries  the  quartz  fibre  (see  fig.  4). 

I  should  here  point  out  in  what  respects  my  instrument  differs  from  that  of 
M.  d’Arsonval.  He  makes  his  circuit  of  a  pair  of  wires  with  the  twm  junctions  in 
the  axis  of  motion,  one  above  and  one  below.  The  wires  are  made  of  palladium  and 
silver.  The  circuit  is  hung  by  a  fibre  of  silk,  and  is  directed  by  the  action  of  the 
magnet  on  a  small  piece  of  iron  wire  attached  to  the  circuit.  One  of  the  junctions  is 
protected  hy  fixing  over  it  the  mirror  ivliich  reflects  the  beam  ofi  light  on  to  the  sccde. 
The  radiation  to  be  measured  is  concentrated  on  to  the  other  junction.  M.  dArsonval 
does  not  appear  to  have  used  for  this  purpose  carefully  formed  pole  pieces,  but  has 
simply  hung  the  junction  between  the  legs  of  a  vertical  horseshoe  magnet,  using  a 
central  hollow  drum  of  iron  within  the  circuit.  He  sometimes  uses  no  central  drum, 
but  then  he  places  the  two  wires  very  much  nearer  together,  forming  a  long,  narrow 
rectangle,  which  thus  has  a  very  small  moment  of  inertia.  He  speaks  of  the  great 
sensibility  and  quickness  of  his  instrument,  which  also  is  dead  beat. 

In  the  preliminary  note  on  the  radio-micrometer  Roy.  Soc.  Proc.,’  vol.  42,  p.  191), 
I  pointed  out  in  a  provisional  manner  how  the  instrument  may  be  made  as  perfect  as 
possible  by  so  choosing  the  length  of  the  rectangle,  the  thickness  of  the  copper  wire, 
the  number  of  turns  or  of  junctions,  the  strength  of  the  field,  or  the  torsion  of  the 
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fibre,  that,  if  any  of  them  are  made  more  or  less,  the  value  of  the  instrument  will  be 
diminished.  As  I  have  now  completed  the  calculations  up  to  a  point  beyond  which  it 
would  be  difficult  to  go,  and  where  I  believe  but  little  on  which  the  perfection  of  the 
instrument  practically  depends  remains  to  be  found,  I  wish,  without  further  delay,  to 
explain  the  formulae  I  have  obtained. 

Owing  to  the  large  number  of  variables,  and  the  complicated  manner  in  which  they 
are  involved,  it  would  be  difficult  by  any  direct  mathematical  process  to  find  the  best 
value  for  every  one  at  the  same  time ;  what  I  have  done  is  to  take  the  variations,  one 
or  two  at  a  time,  in  such  an  order  that  those  taken  later  shall  require  little  or  no 
modification  of  the  results  previously  found. 


Eig.  4. 


It  is  evident  that  the  quickness  of  the  instrument,  whatever  proportions  may  be 
given  to  it,  will  increase  as  the  sensitive  plate  is  diminished  in  thickness  ;  and  later  on 
it  will  be  shown  that,  besides  the  quickness,  the  ultimate  sensibility,  he.,  the  deviation 
for  a  given  rate  of  radiation,  may  also  be  increased  as  the  thickness  is  diminished.  It 
may,  therefore,  be  taken  as  a  fact  that,  tlie  thinner  the  plate,  the  more  sensitive  will 
be  the  instrument.  When  I  began  the  calculations  I  did  not  think  it  likely  that  a 
plate  composed  of  metals  so  difficult  to  \vork  could  be  made  much  less  than  ^  mm. 
thick,  and,  accordingly,  that  has  been  assumed  as  one  starting  point.  I  have  found, 
however,  not  the  slightest  difficulty  in  producing  plates  thinner  than  this,  but  I  have 
in  what  follows  taken  this  quantity  as  the  tliickness  when  wishing  to  find  the  nume¬ 
rical  values  given  by  the  formidm. 

The  next  thing  to  determine  upon  is  the  general  size  of  the  circuit.  If  it  is  made 

Y  2 
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large,  the  enclosed  magnetic  field  will  be  increased ;  but,  supposing  the  period  of 
oscillation  to  remain  invariable,  the  moment  of  torsion  must  be  increased,  and,  further, 
the  resistance  may  be  increased.  Both  of  these  actions  will  reduce  the  sensibility. 
Let  it  be  supposed  that  there  are  two  instruments  in  all  respects  the  same,  except 
that  the  circuit  of  one  is  n  times  the  length  and  is  7i  times  the  width  of  that  of  the 
other,  and  let  it  be  supposed  that  the  thickness  of  the  bar  and  of  the  wire  of  the  circuit 
is  the  same  in  each  case ;  the  value  of  the  enclosed  magnetic  fields  will  be  as  :  1  ; 
the  moment  of  inertia,  and  therefore  tlie  moment  of  torsion,  will  be  as  :  1  ;  and  the 

resistance  as  n  :1.  Therefore,  magnetic _fielcl  ^  ^  angle 

torsion  X  resistance 

of  deflection  will  be  times  as  great  in  the  smaller  as  in  the  larger  instrument.  But 
there  is  a  limit  to  the  smallness,  owing  to  two  causes.  The  moment  of  inertia  is  made 
up  of  two  parts,  the  circuit  and  the  mirror,  on  which  account,  when  the  moment  of 
inertia  of  the  mirror  becomes  comparable  with  that  of  the  circuit,  the  smaller  instru¬ 
ment  will  have  a  greater  moment  of  inertia,  and,  therefore,  its  sensibility  on  this 
account  wfill  be  less  than  that  given  by  the  above  rule. 

The  second  reason  why  there  is  a  superior  limit  to  the  sensibility  as  the  instrument 
is  reduced  in  size  is  due  to  the  fact  that  the  sensitive  plate  conducts  more  heat  from 
the  hot  to  the  cold  junction  in  the  case  of  the  shorter  plate,  and  thus,  for  a  given  rate 
of  radiation,  the  junction  will  not  be  so  hot ;  and,  hence,  the  current  will  be  less  than 
it  \vould  be  if  the  diminished  resistance  were  the  only  cause  of  change.  It  is,  there¬ 
fore,  necessary  to  choose  some  length  of  plate  or  width  of  rectangle  wdiich  can 
conveniently  be  made  in  practice,  and,  assuming  this  as  a  constant,  to  find  by 
calculation  the  best  values  of  all  the  variables,  and  so,  as  it  were,  to  fit  to  the  plate 
the  best  possible  instrument.  Something  must  be  assumed  as  a  starting  j^oint,  and 
this  seemed,  on  the  whole,  the  most  convenient.  I  have  assumed  the  plate,  then,  to 
be  composed  of  two  squares  of  antimony  and  bismuth,  each  5  mm.  in  the  side  and 
^  mm.  thick,  soldered  edge  to  edge,  thus  forming  a  plate  10  X  5  X  ^  mm.  This 
assumption  I  have  made  simply  for  the  sake  of  numerical  calculation ;  any  size  may 
be  equally  wmll  taken  as  the  basis  of  operations,  provided  that  in  the  equations  which 
follow"  the  proper  numerical  values  are  assigned  to  the  constants. 

Of  the  three  dimensions  of  the  plate,  the  length,  the  thickness,  and  the  breadth, 
the  first  twm  only  need  be  considered  as  assumptions  which  can  in  any  way  aflect  the 
result,  for  it  matters  not  how  the  breadth  be  varied,  provided  that  the  sectional  area 
of  the  wire  and  the  moment  of  torsion  are  varied  in  the  same  proportion,  i.e.,  if  the 
whole  breadth  is  exposed  to  the  radiant  energy. 

It  w"ill  first  be  convenient  to  see  how  the  circuit  can  be  formed,  so  as  to  give  the 
best  results  Avhen  the  magnetic  field  is  suj^posed  constant ;  it  w"ill  be  seen  later  that 
this  best  is  not  the  ultimate  best  when  the  field  and  the  circuit  are  adapted  to  one 
another. 
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The  circuit  may  be  considered  best  from  more  than  one  point  of  view.  It  may  be 
with  respect  to  weight,  or  with  respect  to  moment  of  inertia. 

The  best  circuit  with  respect  to  weiglit  would  be  that  which  would  give  the  greatest 
deflection  when  supported  by  a  particular  bifllar  arrangement  free  from  torsion.  The 
strength  of  the  field,  the  thermo-electric  power  of  the  junction,  and  the  value  of  the 
radiation,  being  constant  factors,  may  be  omitted  for  the  present. 

Let  the  following  be  the  meanings  of  the  several  symbols  that  will  be  used  : — 

The  weight  of  the  plate,  mirror,  and  stem,  the  invariable  or  dead 
weight. 

The  weight  of  the  hoop  of  copper,  the  variable  weight. 

The  resistance  of  the  plate,  the  invariable  or  dead  resistance. 

The  resistance  of  the  hoop  of  copper,  the  variable  resistance. 

The  length  of  the  rectangle. 

The  number  of  turns  of  wire. 

The  weight  of  a  unit  piece  of  copper  (1  X  ’1  X  ’01  cm.). 

The  resistance  of  a  unit  piece  of  copper  (1  X  ’1  X  ‘01  cm.). 

The  sectional  area  of  the  wire  (T  X  '01  being  considered  unit 
area). 

The  reason  for  taking  1/1 000th  of  a  square  centimetre  as  the  unit  of  sectional  area 
for  the  wire  is  that  this  is  not  very  difterent  from  the  actual  sizes  that  will  be 
required,  and  that  it  avoids  the  absurdity  of  supposing  a  hoop  of  wire  of  such  a  size 
made  of  wire  of  1  sq.  cm.  in  sectional  area.  It  is  a  matter  of  convenience,  and 
nothing  more.  The  mirror  that  I  have  used  is  6  mm.  in  diameter,  and  weighs 
•04  grin.  Tire  glass  stem  may  be  taken  as  '005  grm.  The  weights  and  resis¬ 
tance  of  the  three  metals  are  taken  from  Lupton’s  Tables,  and  the  numerical 
values  of  the  several  cj[uan titles  so  calculated  are  enclosed  in  parentheses  before  their 
respective  symbols.  All  the  quantities,  except  when  otherwise  specified,  are  in 
C.G.S.  units. 

It  is  necessary  to  bear  in  mind  that  a  certain  excess  of  wire  may  be  required,  over 
and  above  that  actually  necessary  to  reach  the  active  bar.  Though  in  the  numerical 
examples  which  follow  I  have  not  allowed  for  any,  I  have  taken  care  in  the  equations 
to  introduce  a  symbol,  p,  which  must  be  explained.  Imagine  a  circuit  made  of  one 
turn  1  cm.  wide  and  I  cm.  long  :  then,  if  there  is  no  excess,  the  amount  of  wire 
will  be  2?  1  ;  but,  if  there  is  an  excess,  then  the  amount  will  be  2Z  -f-  1  -{-  excess. 

I  have  used  the  symbol  p  in  the  following  calculations  for  1  -j-  excess,  and  I  have 
assumed  that  both  the  resistance  and  the  weight  vary  with  the  total  length.  The 
only  possible  discrepancy  can  be  due  to  the  manner  in  which  the  current  leaves  the 
wire  for  the  plate. 


(•1481) 

W. 

w. 

(6-742  X  106) 

C. 

/  • 

1 

n. 

(•00895) 

u'. 

(1-642  X  106) 

V. 

a. 
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Considering,  first,  the  case  of  a  circuit  of  only  one  turn  of  wire,  the  variable 
resistance  r  and  weight  iv  of  the  wire  will  be 

r  =  (2Z  +  ^5)  V  o, 

'll)  =  {2l  p)  u'  X  a. 

The  conductivity  G  of  the  whole  circuit  will  be 

^ ^ ^ 

(21  +  _p)  v  +  aC 

The  efficacy  of  the  circuit  with  respect  to  its  weight,  i.e.,  the  moment  which  it 
can  exert  upon  a  unit  field  for  every  gramme  that  it  weighs  when  unit  E.M.F.  is 
acting  at  the  junction,  is 

_  Z  X  G  _  he 

~  W  +  w  “  {{21  +p)v  +  «C}{W+  {21  +  p)au'}  ' 

Now,  it  is  evident  that  there  must  be  a  maximum  value  for  E,^./,  both  when  I  and 
when  a  is  varied,  for,  if  either  is  made  very  great  or  very  small,  more  is  lost  than 
is  gained.  If,  therefore,  the  expression  for  E,;.,,;  is  treated  in  the  usual  way  to  find  the 
two  maxima,  the  result  will  be  found  to  be 


best  a  = 


(W  +  pavJ)  {pv  +  «C)  . 
4:vaio' 


(1), 


or,  substituting  the  value  of  a  above,  it  will  be  found  that 


(2). 


If,  further,  the  circuit  is  supposed  to  have  n  turns,  the  corresponding  expressions 
will  be 


/\Nv 

V.7c’ 

Vew 

u'v 


(3). 


Thus,  the  size  of  wire  that  is  most  suitable  is  independent  of  the  length  of  the 
rectangle  or  of  the  number  of  turns.  The  numerical  values  of  these  quantities  for 
1  .  .  .  5  turns  are  as  follows : — 
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n. 

Best  1. 

Ew^. 

1 

4-621 

9-202  X 

2 

2-SlI 

7-565 

3 

2-207 

6-423 

4 

1-905 

5-580 

5 

1-724 

4-933 

Best  a. 

I 

>  2-0075. 


Thus,  it  appears  that  one  turn  is  better  than  any  other  number,  provided  that  the 
circuit  may  have  sufficient  length,  and,  of  course,  that  the  magnetic  field  is  sufficiently 
extended.  This  result  is  really  self-evident,  for,  whatever  may  be  the  efficacy  of  a 
circuit  of  say  two  turns  of  the  best  length,  one  of  one  turn  of  twice  the  length  must 
be  better,  as  in  this  case  the  value  of  the  enclosed  magnetic  field  will  be  the  same, 
while  the  resistance  and  the  weight  will  each  be  less,  and,  further,  the  circuit  of  twice 
the  length  will  not  have  the  best  length  for  one  of  one  turn  only. 

If  the  length  of  the  circuit  is  limited  to  1  cm.,  then  two  turns  are  better  than  one 
or  three.  The  series  of  figures  found  on  this  supposition  are  not  of  sufficient  impor¬ 
tance  to  be  worth  giving. 

It  is  interesting,  however,  to  notice  how  slowly  the  efficacy  changes  when  the 
length  of  the  circuit  is  not  the  best.  The  following  figures  show  this  : — 


1. 

E 

Wt‘ 

3 

oc 

to 

X 

10“^ 

3-5 

9-036 

55 

4 

9-152 

55 

4-5 

9-200 

55 

4-621 

9-202 

55 

5 

9-190 

5  5 

max. 


Thus,  it  is  not  a  matter  of  much  consequence  whether  the  circuit  is  very  near  the 
best  length  or  not. 

If  it  is  desired  to  find  the  numerical  value  of  the  resistance  or  the  weight  of  the 
wire  part  of  the  circuit  when  it  is  of  the  best  length  and  sectional  area,  the  following- 
expressions,  which  have  been  obtained  by  substituting  in  those  for  r  and  lo  the  best 
values  found  for  a  and  I,  may  be  used  to  save  time : — 

bestr=C  +  . (4). 


best«  =  w(l  +  2p 


(5). 
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From  these  it  is  seen  that  that  length  and  size  of  wire  is  best  of  which  the  weight 
as  much  exceeds  the  dead  weight  as  the  resistance  exceeds  the  dead  resistance.  In 
the  same  way,  the  efficacy  of  the  best  circuit  may  be  showm  to  be 


best  E,,,/ 


_ 1 _ 

8  y  (CAV?fr)  +  pu'v 


(6). 


If,  finally,  the  breadth  be  made  a  vnrialfie,  the  following  equations  wall  give  the 
best  conditions  ; — ■ 

As  before. 


best  o  = 


and  this  is  true  whatever  length,  number  of  turns,  wddth,  or  even  shape  the  circuit 
may  have.  When  h  is  greater  than  1, 


for  the  best  length,  2/  =  26  —  1 
for  the  best  breadth,  26  =  2/  —  1 


.  L 

ffi  ^  +  \f  ~7~  ! 

\  u  V 

L  L  /CW 

+  "+  V 


where  e  is  the  excess  used  for  soldering. 

Therefore,  for  any  breadth  the  length  must  exceed  the  breadth  by  as  much  as  the 
breadth  should  exceed  the  length  when  that  is  given.  In  other  wmrds,  the> circuit  is 
improved  by  adding  to  it  ad  infinitum,  so  that  a  square  of  infinite  size  is  the  best 
rectangle.  If  it  should  happen  that  ^ (CW/ffi-y)  +  e  <  1,  then  the  circuit  in  the  same 
way  would  be  made  worse  by  increasing  the  dimensions.  As  a  matter  of  fact,  in  the 
particular  case,  taking  e  as  0,  this  quantity  is  equal  to  8 '24. 

If,  on  the  other  hand,  6  is  less  than  1,  then  the  quantity  26  —  1  +  c  in  the  twm 
equations  above  must  be  replaced  by  6+1+6,  a  quantity  necessarily  positive  ; 
hence,  whether  6  is  less  than  or  greater  than  1,  the  circuit  cannot  be  too  large. 

If  the  same  process  that  has  been  followed  in  finding  the  best  conditions  wuth  respect 
to  weight  be  employed  to  find  them  with  respect  to  moment  of  inertia,  a  difficultv 
arises  in  consequence  of  the  fact  that  the  upper  end  or  cross  wire  of  the  circuit  has  a 
resistance  which  depends  upon  its  length  simply,  while  it  has  a  moment  of  inertia  which 
is  only  one-third  of  what  it  would  have  if  it  were  placed  alongside  of  one  of  the  side 
wires  of  the  circuit.  Thus,  while  the  expression  for  r  remains  as  before,  viz., 
(2/  +  1  +  e)  ^  a,  that  for  the  moment  of  inertia  of  the  wire  will  be  {(6?  +  3c 
+  l)/12}  u'a.  If  with  these  values  the  attempt  is  made  to  find  the  best  values  for  a 
and  I  wdth  respect  to  moment  of  inertia,  a  complicated  cubic  equation  results  and 
symmetrical  expressions  can  no  more  be  obtained.  If,  however,  the  two  coefficients 
in  parentheses  had  the  same  value,  there  would  he  no  difficulty. 

While  trying  to  find  a  remedy  for  this  difficulty,  I  noticed  that  a,  wure  of  uniform 
section  is  not  the  best  form  of  conductor  when  the  moment  of  inertia  is  taken  into 
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account,  i.e.,  of  that  part  of  the  wire  which  crosses  the  axis.  That  this  is  so  is  evident 
in  two  ways.  Since  a  wire  of  uniform  section  has  the  least  resistance  for  a  given 
length  and  weight,  it  cannot  iiave  the  least  resistance  for  a  given  length  and  moment 
of  inertia,  except  when  it  is  parallel  to  the  axis  of  rotation.  Or,  considering  the  cross 
piece  only,  since  the  uniform  section  is  that  which  gives  the  least  resistance  for  its 
weight,  it  is  clear  that  a  very  small  change  of  form,  such  for  instance  as  would  occur  if  a 
thin  skin  were  removed  from  the  outer  and  were  transferred  to  those  portions  nearer 
the  axis  of  rotation,  would  produce  no  appreciable  change  in  resistance,  but  it  would 
reduce  the  moment  of  inertia  ;  therefore,  there  is  an  advantage  in  having  tliose  parts 
near  the  axis  thicker  than  those  more  distant  from  it.  If  we  suppose  that  the 
resistance  of  any  element  of  the  wire  between  the  axis  and  the  ends  is  inversely 
proportional  to  the  cross  section,  and  that  the  resistance  of  the  whole  piece  is  the 
sum  of  the  resistances  of  the  several  elements,  which  is  true  as  long  as  the  rate  of 
change  of  section  is  not  so  rapid  as  to  make  the  stream  lines  notably  inclined,  then 
the  best  variation  of  section  will  be  that  in  which  no  change  will  be  made  in  the 
resistance  -j-  the  moment  of  inertia  if  a  thin  skin  be  transferred  from  one  part  to 

another.  Taking  the  axis  as  origin  of  rectangular  coordinate,  and  calling  the 

sectional  area  y,  then  for  all  values  of  x,  Ijy  yx^,  i.e.,  Ijy'^x^  must  be  constant  or  y 
must  vary  inversely  as  x.  It  thus  appears  that,  if  the  hoop  is  cut  out  of  sheet  copper 
instead  of  wire,  that  part  which  forms  the  upper  bar  should  be  bounded  by  two 
hyperbolas  of  such  dimensions  that  the  width  at  the  ends  of  the  cross  bar  is  the  same 
as  that  of  the  side  pieces,  which  are  uniform.  If  the  metal  is  chosen  of  such  a  thiclc- 
ness,  t,  that  the  best  section  of  the  sides  hereafter  to  be  found  =  ^  X  ’1  mm.,  then 
the  error  due  to  the  inclination  of  the  stream  lines  already  pointed  out  will  not  be 
appreciable,  except  within  about  \  mm.  on  either  side  of  the  axis.  It  will  be  well  at 
once  to  point  out  that  the  .value  of  this  supposed  form  for  the  cross  bar  does  not  at 
all  lie  in  the  fact  that  it  is  the  best  form,  for  nothing  worth  consideration  would 
be  gained  by  adopting  it,  but  the  reason  for  bringing  it  forward  is  this  :  the  total 
resistance  of  either  half  of  the  cross  bar  will  be,  if  the  resistance  of  the  same  length 
of  the  wire  be  called  1,  =  fxdx  =  ^ ;  the  moment  of  inertia  of  either  half  will  be, 

if  that  of  the  same  length  of  the  side  be  called  1,  =  dx  =  -g.  That  is,  not  only 

has  the  best  form  been  found  for  the  cross  bar,  but  the  coefficients  for  moment  of 
inertia  and  for  resistance  have  at  the  same  time  been  made  identical,  and  thus  all  the 
expressions  found  with  respect  to  weight  will  equally  apply  with  respect  to  moment 
of  inertia. 

It  may  be  objected,  since,  as  already  mentioned,  the  resistance  of  these  parts 
close  to  the  axis  is  greater  than  is  supposed,  on  account  of  the  inclination  of  the 
stream  lines  and  the  consequent  concentration  of  the  current  in  the  more  direct  line, 
or  again,  since  the  weight  of  a  piece  of  metal  filling  the  space  between  two  hyperbolas 
is  infinite,  that  the  solution  for  the  difficulty  thus  put  forward  is  not  correct,  and  that 
any  further  calculations  based  upon  this  result  will  not  be  trustworthy.  The  answer 
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evidently  is  that,  if  the  axial  spike  be  removed  altogether,  as  shown  in  fig,  5,  the 
actual  resistance  and  moment  of  inertia  would  not  be  so  much  as  1  per  cent,  different 
from  the  value  (^)  already  found,  and  that,  as  these  calculations  are  merely  a  guide  to 
direct  the  design  of  a  practical  instrument,  an  assumption  which  is  not  more  than  I  or 
2  per  cent,  in  error  in  what  is  after  all  a  small  fraction  of  the  total  resistance  and 
moment  of  inertia — one  which,  in  fact,  is  so  true  that  neither  the  power  of  the 
instrument  maker  nor  our  knowledge  of  the  constants  will  prevent  our  introducing  in 
practice  variations  of  far  greater  magnitude — may  be  allowed  to  pass,  especially  as 
without  something  ecpaivalent  it  would  be  impossible  to  find  expressions  which  would 
apply  to  the  more  complicated  conditions  which  will  be  considered  later. 


Fig.  5. 


The  same  considerations  apply  exactly  to  the  sensitive  plate,  which,  when  the 
greatest  efficacy  with  re.spect  to  moment  of  inertia  is  required,  should  no  longer  be 
made  prismatic,  but  should  become  more  narrow  towards  the  ends,  as  shown  in  fig.  1, 
I  may  mention  that  in  the  original  instrument,  which  I  made  before  T  had  arrived  at 
any  of  these  results,  I  did,  as  a  matter  of  fact,  make  the  active  bar  of  the  shape 
sliown,  because  I  felt  that  the  lower  corners  were  doing  more  harm  by  their  moment 
of  inertia  than  they  were  doing  good  by  their  conductivity. 

Since  the  active  plate  is  taken  as  one  of  the  invariables  of  the  circuit,  any  propor¬ 
tions  that  may  be  desired  may  be  taken  for  it,  and  tlie  resulting  resistance  and 
moment  of  inertia  made  use  of  in  calculating  numerical  values.  I  have  in  the 
arithmetical  work  which  follows  taken  the  active  plate  to  be  of  tlie  original  shape  and 
size,  that  is,  a  rectangular  prism,  10  X  5  X  ’25  mm.  I  have  further  not  made  any 
allowance  for  excess  of  metal  for  soldering,  i.e.,  j)  has  been  taken  as  the  coeflicient  of 
resistance  and  moment  of  inertia  of  the  upper  bar  only,  which  has  been  found  to  be 
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equal  to  just  as,  when  the  conditions  with  respect  to  weight  were  considered,^  was 
taken  as  equal  to  1. 


As  in  the  rest  of  this  paper  the  best  conditions  with  respect  to  weight  will  no  more 
be  considered,  but  only  those  relating  to  moment  of  inertia,  it  will  be  well  here  to 
specify  the  meaning  of  the  several  symbols  that  will  be  used.  The  arithmetical  values 
of  the  fixed  cjuantities  are,  as  before,  included  within  parentheses. 


(9-49  X  10-3)  K. 

k 

(6-742  X  106)  0. 

r. 

I 

n. 

(2-2375  X  10-3) 

(1-642  X  106)  V. 

a. 


The  moment  of  inertia  of  pJate,  mirror,  and  stem,  the  dead 
moment  of  inertia. 

The  moment  of  inertia  of  the  copper  hoop,  the  variable 
moment  of  inertia. 

The  resistance  of  the  plate,  the  dead  resistance. 

The  resistance  of  the  copper  hoop,  the  variable  resistance. 

The  length  of  the  rectangle. 

The  number  of  turns  of  wire. 

The  moment  of  inertia  of  the  unit  piece  of  copper  (1  X  ’1  X  '01) 
at  5  mm.  from  the  axis. 

The  resistance  of  the  unit  piece  of  copper. 

The  sectional  area  of  the  wire  (-1  X  "01  being  considered  unity). 


Since  the  formulae  already  given  are  now  equally  true  with  respect  to  moment  of 
inertia,  it  will  be  unnecessary  to  do  more  than  barely  state  them  here  for  future  reference. 


For  best  sectional  area  (n  turns)  a  = 

.  .  .  (7), 

for  best  length  (a  turns)  Ird  =  (2a  —  1)  p  -f  ■  •  ■ 

■  .  .  (8), 

for  best  a  (one  turn)  r  =  C  -f-  2p  /sj .  .  . 

■■  .  ■  (y), 

for  best  k  (one  turn)  Z:  =  K  (^1  -f  2j:>  '  '  ' 

.  .  .  (10). 

for  best  E^-  (one  turn)  E/  =  - - - - 

^  ^  8  (v/tCKar) +pn-} 

.  .  .  (11). 

P  =  4  +  any  excess  allowed  for  soldering. 

Ihe  following  arithmetical  results  are  obtained  from  some  of  these  expressions, 
making  p  =  ^  : — 
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n. 

Best  1. 

E^.. 

Best  a. 

1 

2-3366 

7-1863  X  10-® 

2 

1-4183 

3-4222 

o 

o 

1-1122 

2-1208 

>  1-0174. 

4 

-9591 

1-5014 

5 

'8673 

1-1500 

Thus,  tlie  best  length  and  the  best  sectional  area  with  respect  to  moment  of 
inertia  are  each  just  over  half  the  values  found  with  respect  to  weight.  One  turn, 
of  course,  gives  a  greater  efficacy  than  any  other  number,  just  as  it  did  before,  and  for 
the  same  reason,  but  in  this  case  one  turn  is  more  than  twice  as  good  as  two,  whereas 
it  was  only  about  one- fifth  in  excess. 

The  result  at  present  obtained,  then,  is  this  :  provided  a  torsion  fibre  of  convenient 
length  can  be  obtained  which  shall  in  every  case  produce  a  certain  pre-determined 
period,  say  1 0  seconds,  which,  with  my  process  for  quartz,  is  possible  even  when  the 
banging  body  is  far  lighter  and  smaller  than  any  galvanometer  mirror,  then  the 
moment  of  torsion  and  the  moment  of  inertia  will  always  have  the  same  ratio  ; 
therefore,  the  circuit  which  produces  the  greatest  couple  for  its  moment  of  inertia  will 
also  produce  the  greatest  couple  compared  with  the  torsion,  and  will,  therefore,  give 
the  greatest  deflection.  This  circuit  has  been  found  above  to  have  a  length  of 
2'3366  cm.,  and  to  be  made  of  copper,  having  a  sectional  area  of  '0010174  sq.  cm. 
at  the  sides. 

Though  this  circuit  has  the  best  length  and  the  best  sectional  area  under  certain 
magnetic  conditions,  it  is  not  necessarily  the  best  when  these  are  varied. 

It  has,  of  course,  been  understood  that  in  the  comparison  between  long  and  short 
circuits  the  magnetic  field  is  in  both  cases  the  same,  and  is  uniform  throughout  the 
whole  of  the  area  enclosed  by  the  circuit.  This  may  or  may  not  be  true  when  an 
internal  pole  piece  is  arranged  as  shown  in  figs.  2  and  3.  There  must  be  some 
clearance  above  and  below  ;  thus,  the  internal  drum  is  always  less  than  the  actual 
length.  It  is  therefore  probable  that  the  effective  area  is  proportional  to  the  length, 
less  a  small  constant  quantity.  If  this  defect  is  equal  to  the  sum  of  the  clearances 
above  and  below  the  drum,  then  the  length  of  the  drum  must  be  called  I  in  the 
preceding  formulse,  and  four  times  the  clearance  added  to  p.  It  is  not  possible  to  say 
exactly  what  is  the  error  thus  introduced  into  the  calculations,  but  in  no  case  can  it 
be  important.  This,  however,  is  a  mere  detail  compared  with  the  effect  of  very  strong 
magnetism. 

When  a  closed  circuit  oscillates  under  the  conditions  in  which  that  in  the  instrument 
is  placed,  induced  currents  are  formed  which  oppose  the  motion,  and  thus,  if  the  field 
is  strong  enough,  or  the  conductivity  great  enough,  the  oscillatory  character  ceases, 
and  the  circuit  slowly  moves  towards  its  resting  place,  more  slowdy  as  it  approaches  it. 
It  is  a  great  advantage  in  an  instrument  that  it  should  in  tliis  way  be  dead  beat ;  but. 
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if  the  field  is  more  than  strong  enough,  the  extra  resistance  to  the  motion  so  increases 
the  time  of  coming  to  the  resting  place  that  the  loss  of  time  more  than  counter¬ 
balances  any  advantage  given  by  the  increased  ultimate  sensibility.  If  the  ultimate 
sensibility  is  required  to  be  made  a  maximum,  then  the  expressions  found  are  the  best, 
and,  the  stronger  the  field,  the  better ;  but,  if  the  best  combination  which  is  dead  beat 
(and  no  more  than  dead  beat)  is  required — and  this  is  what  any  one  who  has  used 
both  would  require — then  the  lengdh  and  the  sectional  area  already  found  are  not  the 
best,  unless  the  strongest  field  which  can  conveniently  be  employed  is  not  strong 
enough  to  make  the  motion  dead  beat.  In  the  particular  case  it  is  more  than  strong 
enough. 

It  is  necessary,  therefore,  to  introduce  the  effect  of  another  variable,  the  strength  of 
the  field,  the  relation  between  it  and  the  rest  of  the  circuit  being  such  that  the 
motion  is  just  dead  beat. 

It  is  well  known  that  motion  ceases  to  be  oscillatory  when  half  the  coefficient  of 
resistance  to  the  motion  is  equal  to  the  square  root  of  the  acceleration  when  the 
angular  displacement  is  unity.  In  the  investigations  depending  on  these  relations  the 
following  symbols  will  have  the  meanings  attached  to  them  : — 

S.  Sensibility,  i.e.,  efficacy  X  enclosed  magnetic  field. 

A.  Area  enclosed  by  the  circuit. 

oi.  Angular  velocity. 

T.  Time  of  a  complete  undamped  oscillation. 

G.  Conductivity  of  the  vdiole  circuit. 

a.  Angle  included  between  the  plane  of  the  circuit  and  the  direction  of  the  lines 
of  force,  supposed  parallel  to  one  another. 

K.  Moment  of  inertia  of  the  whole  circuit,  i.e.,  K  +  Z:. 

H'.  The  minimum  strength  of  magnetic  field  for  which  the  motion  is  dead  beat. 
This  will  hereafter  be  called  the  dead  beat  magnetic  field. 

The  resistance  to  the  motion  of  the  circuit 

=  G  X  H"  X  A^  X  ftj  X  cos^  a  ; 

half  the  coefficient  of  resistance  =  GH^A^  cos^  a/2/c'. 

Since  the  magnetic  field  is  radial  and  is  everywhere  cut  normally  by  the  side  wires 
of  the  circuit,  the  factor  cos^  a  ought  to  be  omitted.  Owing  to  the  small  possible 
angular  deflection,  it  could  not  in  any  case  differ  appreciably  from  1. 

Stt 

-^(acceleration  at  unit  angle)  =  —  • 

Since,  when  the  motion  is  just  dead  beat,  half  the  coefficient  of  resistance  is  equal  to 
-v/( acceleration  at  unit  angle), 

27r 

2k'  '  ~  T  ’ 
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On  diiferentiating  the  expression  for  S  with  respect  to  a  (the  sectional  area  of  the 
wire)  and  equating  to  0,  the  maximum  sensibility  will  he  found  when  a  has  the  same 
value  ^/(Krj/wC),  which  gave  the  maximum  efficacy  ;  on  the  other  hand,  the  differential 
coefficient  with  respect  to  I  (the  length  of  the  rectangle  of  copper)  is  negative  for  all 
positive  values  of  I,  that  is,  however  short  I  may  be,  provided  that  the  magnetic  field 
may  be  made  strong  enough  to  keep  the  motion  dead  beat,  a  still  greater  sensibility 
Avill  be  given  by  a  shorter  circuit.  If  the  strongest  magnetic  field  conveniently 
available  is  not  sufficient  to  make  the  circuit  having  maximum  efficacy  dead  beat, 
then  that  circuit  is  still  the  best.  If,  however,  as  will  be  the  case  ^vith  an  ordinary 
magnet,  the  field  is  more  than  strong  enough,  then  the  length  of  rectangle  must  be 
reduced  until  the  motion  is  deat  beat.  Taking  the  particular  arrangement  already 
referred  to,  in  which  the  circuit  is  1  cm.  wide  and  is  made  of  wire  having  the  best 
sectional  area  ('001017  sq.  cm.),  the  following  are  the  values  of  the  dead  heat  magnetic 
field  for  various  lengths  of  circuit  : — 

Best. 

Length  .  .  '2  '4  '6  '8  I'O  To  2'0  2'336‘6 

H'  .  .  .  1722  929  664  532  455  347  294  27r8 


It  is  interesting  here,  in  the  expression  for  H'  (12),  to  substitute  those  values  of 
K  and  G  which  belong  to  the  circuit  of  greatest  efficac3^  If  this  is  done,  there  finally 
results  the  equation 

=  8  /y/- x/wt;  ........  (12a), 

where  H''  is  the  dead  beat  magnetic  field  for  the  circuit  of  greatest  efficacy.  It  thus 
appears  that,  no  matter  what  the  resistance  of  the  antimony-bismuth  bars,  or  what 
the  momentr  of  inertia  of  these  bars,  the  mirror,  and  stem  may  be,  provided  that  the 
circuit  is  so  formed  as  to  produce  the  greatest  ultimate  sensibility  in  aii}^  given  field, 
the  motion  will  he  dead  beat  for  one  particular  strength  which  simply  depends  upon 
the  specific  gravity  and  the  specific  resistance  of  the  material  with  which  the  circuit 
is  completed. 

The  sensibility  obtained  by  such  a  combination  is 


1 

v/ CK  +  2? 


(13a). 
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As  has  already  been  shown,  this  is  not  the  best  arrangement  to  make  use  of.  Tliat 
is  best  in  which  the  circiht  is  the  shortest  which  will  remain  dead  beat  in  the 
strongest  magnetic  field  available. 

In  the  original  instrument,  of  which  figs.  2  and  3  show  the  pole  pieces,  a  strong 
compound  horseshoe  magnet  was  used.  The  v/orking  field  was  tested  by  replacing 
the  active  circuit  by  one  composed  of  50  turns  of  1  sq.  cm.  each  of  the  finest 
insulated  coj^per  wire.  This  was  mounted  so  that  it  could  be  suddenly  twisted 
through  a  definite  angle  by  moving  an  arm  between  a  pair  of  stops.  The  ends  of  the 
coil  were  connected  with  a  ballistic  galvanometer  in  a  distant  room,  and  the  throw 
observed.  The  resistance  of  the  whole  circuit  was  measured.  Then,  in  the  place 
of  the  coil,  a  condenser  of  known  capacity  and  a  cell  of  known  E.M.F.  were 
arranged  with  a  key  so  that  a  definite  discharge  of  electricity  could  be  sent 
through  the  galvanometer.  The  absolute  value  of  that  sent  by  each  oscillation  of 
the  coil  could  thus  be  determined,  and  hence  the  value  of  the  field  found.  In 
this  way  it  was  found  that  without  the  keeper  a  field  of  1342  units  existed  in  the 
working  space. 

It  appears,  then,  from  the  table  on  the  previous  page,  that  with  such  a  field  the 
circuit  should  be  about  3  mm.  long.  I  did  not  actually  alter  the  shape  of  the  circuit, 
but  adjusted  the  field  by  means  of  a  sliding  armature,  until  the  sensibility,  or  the 
resistance  to  the  motion,  produced  a  convenient  result.  As  has  been  shown,  this  is 
not  so  good  a  plan  as  adapting  the  circuit  to  the  strongest  field  that  is  available, 
though  less  is  lost  by  reducing  the  field  than  might  be  expected,  as  will  be  explained 
later. 

If  the  breadth  h  that  will  give  the  greatest  efficacy  with  respect  to  moment  of 
inertia  is  required,  there  is  no  difficulty  in  finding  the  best  a  and  I  in  terms  of  h,  but 
the  best  h  is  involved  in  an  expression  of  such  complexity  that  it  can  only  be  found  by 
arithmetical  means. 

It  is  not  worth  while  to  give  at  length  the  table  showing  the  successive  values  of 
the  efficacy,  as  h  varies  ;  it  is  sufficient  to  state  that  not  only  is  the  efficacy  diminished 
by  increasing  the  breadth  beyond  that  of  the  active  bar,  but  it  is  even  increased  as 
the  breadth  diminishes  down  to  2  mm.,  and  probably  far  beyond. 

The  conclusion,  then,  is  obvious,  that  not  only  should  the  rectangle  be  as  narrow  as 
possible,  but  the  junction  should  be  arranged  also  in  a  correspondingly  narrow  form. 
Further,  in  consequence  of  the  extreme  narrowness  of  the  circuit,  the  resistance  and 
moment  of  inertia  of  the  cross  wire  may  practically  be  neglected  in  comparison  with 
the  now  much  greater  length  of  the  rectangle.  I  must  here  remark  that  I  have  thus 
been  brought  to  the  adoption  of  the  excessively  narrow  form  which  M.  d’Aesonval 
has  used.  I  do  not  know  whether  he  was  aware  that  the  narrow  form  is  not  only  far 
quicker  than  a  wide  form,  which  is  the  reason  he  gives  for  adopting  it,  but  that  it  is 
m  addition,  when  a  convenient  period  is  arranged,  also  more  sensitive.  I  certainly  did 
not  expect  to  find  it  so. 
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Making  use  of  the  same  methods  and  symbols,  but  neglecting  the  now  infinitesmial 


effect  of  the  cross  wire,  the  following  equations  will  be  found  to  hold  : — 

best 

I  fYiv 

'  &  V  . 

•  (14). 

best 

1  /KC 

n  V  . 

•  (15), 

greatest 

F  ^ 

8^(KCioq . 

.  (16). 

Further,  it  will  be  found  that 


C  =  —  and  K  =  2  lanh^, 

a 

and  thus  the  copper  hoop  must  be  so  proportioned  that  its  resistance  may  be  equal  to 
the  dead  resistance,  and  its  moment  of  inertia  to  the  dead  moment  of  inertia.  It  is 
also  found  that  under  the  supposed  circumstances,  namely,  that  the  cross  wire  is  of  no 
account,  the  efficacy  is  independent  of  the  breadth,  and  the  only  effect  of  an  increased 
breadth  is  to  require  a  diminished  sectional  area  of  wire  and  a  diminished  length ; 
thus,  during  variation  of  the  breadth  neither  the  resistance  nor  the  moment  of  inertia 
of  the  copper  wire  is  changed. 

The  exjDression  for  the  dead  beat  magnetic  field,  when  the  circuit  of  greatest  efficacy 
is  used,  is,  as  before, 

H"=8y'^y«f . (17); 

and  this  seems  to  be  very  generally  true. 

The  sensibility  under  these  conditions  is 

. 

which  shows  that,  no  matter  what  the  material  of  the  hoop  may  be,  if  the  dimensions 
which  give  the  greatest  sensibility  in  any  given  magnetic  field  are  employed,  and  if  the 
field  is  so  strong  that  the  motion  is  dead  beat,  the  sensibility  will  always  be  the  same, 
and  this  will  only  depend  on  the  resistance  and  moment  of  inertia  of  the  invariable 
part  of  the  circuit. 

Since,  as  in  the  case  of  the  wide  circuit,  the  magnetic  field  that  will  make  the 
motion  of  the  best  narrow  circuit  dead  beat  is  far  less  than  that  which  is  available, 
it  will,  as  before,  be  best  to  employ  a  circuit  so  much  smaller  than  the  best  as  will 
just  make  the  motion  dead  beat. 
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The  cii’ciiit  may  be  made  smaller  by  reducing  either  factor,  the  length  I  or  the 
breadth  h.  As  has  been  shown,  it  is  indifferent  whether  one  or  other  factor  is  altered, 
provided  that  h  is  small  compared  with  1.  Let  the  product  be  made  N  times  as 
small,  so  that  hi  becomes  6//N,  then  the  first  factor  2/6/  in  the  expression  for  H', 
which  it  is  convenient  to  repeat  here  in  another  form, 

will  become  2N/6/.  But  when  hi  is  changed,  both  k,  the  total  moment  of  inertia, 
and  B,  the  total  resistance,  are  changed  also.  In  the  circuit  of  greatest  efficacy  the 
resistance  and  moment  of  inertia  of  the  hoop  are  each  equal  to  the  fixed  or  invariable 
resistance  and  moment  of  inertia ;  and  thus,  when  hi  becomes  6//N,  one  half  of  each 
K  and  II  also  becomes  one-N‘"  of  what  it  was,  the  other  half  of  each  remaining 

unchanged,  and  thus  the  new  expression  for  H'  becomes  — /c'R,  that  is 

^  (N -f- 1)  times  what  it  was.  Therefore,  if  it  is  desired  to  make  the  dead  beat 
magnetic  field  M  times  that  which  has  been  found  for  the  circuit  of  greatest  efficacy, 
the  product  hi  must  be  reduced  until  it  is  2M  —  1  times  as  small,  for  N  =  2M  —  1. 

By  this  process  the  actual  sensibility  is  increased,  and  the  amount  of  increase  may 
be  found  as  follows: — The  sensibility  of  any  combination  varies  directly  as  the 
magnetic  field  and  as  the  product  hi,  and  inversely  as  the  total  moment  of  inertia 
and  the  total  resistance;  of  these  four  quantities  it  has  just  been  shown,  that  when 
hi  is  divided  by  N,  the  dead  beat  magnetic  field  is  multiplied  by  ^  (N  fi-  l),  and  at 
the  same  time  R  and  k  are  each  multiplied  by  (N  +  l)/2N  ;  therefore,  the  sensibility 
of  the  arrangement  becomes 

N  +  1  1  2N  2N  , ,  .  2N 

“A’  ^  N  ^  N  +  1  ^  N  +1  ’  N  +  1  ’ 

or  2  —  (1/M)  times  what  it  was,  so  that 

S  becomes  (2  -  i) 

Since  the  dead  beat  magnetic  field  for  the  circuit  of  greatest  efficacy  is  about 
272  units,  N  must  be  so  chosen  as  to  make  H'  four  or  five  times  as  great.  Assuming 
that  H'  is  to  be  increased  to  four  times  its  original  value,  or  tliat  M  =  4,  the  sensi- 
hility  will  only  become  If  times  what  it  was.  Even  in  the  case  of  an  infinite  field,  it 
cannot  be  more  than  double  that  due  to  a  field  of  272  units  if  the  motion  is  only  just 
dead  beat.  From  this  it  appears  that,  as  long  as  the  circuit  has  dimensions  which  at 
all  approximate  to  those  which  theoretically  are  best,  the  sensibility  obtained  by 
moving  the  pole  pieces  until  the  dead  beat  conditions  or  the  desired  logarithmic 
decrement  are  produced  is  practically  the  highest  which  is  possible. 
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Owing  to  the  fact  that,  with  increase  in  the  breadth  of  the  cu’cuit,  the  cross  piece 
becomes  increasingly  mischievous,  both  on  account  of  its  moment  of  inertia  and  of  its 
resistance,  it  is  clear  that  the  circuit  cannot  be  too  nairow  until  the  increased  length 
becomes  such  that  it  is  inconvenient  to  provide  a  magnet  and  pole  pieces  which  will 
enclose  so  great  a  length.  In  another  wa,y  the  thick  wire  which  the  narrow  circuit 
recpiires  is  advantageous,  as  will  appear  shortly. 

Having  thus  found  the  best  relations  between  the  variable  copper  and  the  arbitrary 
junction  and  mirror,  it  remains  to  see  how  these  may  be  modified  with  advantage. 

As,  with  the  narrow  form  of  circuit,  the  smallest  galvanometer  mirror  has  a  moment 
of  inertia  many  times  as  great  as  that  of  the  active  bars,  and  since  the  copper  must 
have  a  moment  of  inertia  equal  to  their  sum,  it  is  evident  that  it  will  be  advantageous 
to  reduce  the  dimensions  of  the  mirror  until  it  again  becomes  small  in  comparison. 
By  this  reduction  the  defining  power  of  the  mirror,  supposed  optically  perfect,  is  also 
reduced,  and  thus  there  must  be  a  limit  at  which  as  much  is  lost  by  the  increasing 
want  of  definition  as  is  gained  by  the  diminishing  moment  of  inertia. 

The  defining  power  of  a  perfect  mirror — and  the  smaller  the  mirror  the  more  likely 
it  is  to  be  perfect — varies  with  its  diameter,  while  the  moment  of  inertia  is  propor¬ 
tional  to  the  fourth  power  of  the  diameter  when  the  thickness  is  constant,  or  to  the 
fifth  power  if  the  thickness  is  also  proportional  to  the  diameter.  To  find  the  best 
diameter  it  is  necessary  to  remember  that  the  fixed  moment  of  inertia  K  is  the  sum  of 
the  moment  of  inertia  of  the  junction  and  of  the  mirror  Thus,  the  accuracy 

of  observing  a  deflection  =  K„7''y2  (K,„  -fi  Kj),  where  n  =  4  or  5  as  the  case  may  be. 
The  best  size  of  mirror  then  will  be  such  that 

;  k  =  -5'  =  4K„„  when  n  =  4, 

O  O 

or  that 

Tr  i'i-i  7  5K;  1 

Ix;m=  ;  A-  =  =  5K.„„  when  n  =  5. 

Using  the  thinnest  microscope  cover  glass,  about  H  mm.  thick,  it  wdll  be  found  that 
the  size  of  mirror  which  gives  the  best  result  when  the  antimony-bismuth  bars  have 
the  dimensions  which  will  be  assigned  to  them  hereafter  is  one  having  a  diameter  of 
2|  mm. 

I  have  picked  out  a  number  of  discs  sufiiciently  thin,  silvei'ed  them,  cut  pieces  of 
the  proper  size,  and  then  examined  them  by  reflection.  With  mirrors  as  small  as  this, 
the  eye  itself  takes  the  place  of  the  usual  telescope,  and  it  is  easy  to  choose  those 
which  allow  the  eye  to  see  by  reflection  fine  distant  lines  as  clearly  as  if  the  light 
came  direct.  The  only  difficulty  I  have  had  in  attaching  these  mirrors  to  the  stem 
arises  from  the  bending  of  the  glass  under  the  action  of  even  the  smallest  quantity  of 
cement.  If  sealing-wax  is  used— and  this  is  tlie  least  magnetic  of  all  the  cements  I 
have  examined — a  speck  less  than  1  mm.  in  diameter  will,  by  its  capillarity  wdien 


MR.  0.  V.  BOYS  ON  THE  RADIO-MICROMETER. 


170 


melted,  so  distort  the  glass,  even  though  it  only  touches  near  one  edge,  as  to  make  a 
double  image  clearly  visible.  All  difficulty  is  overcome  by  using  instead  the  smallest 
^usible  quantity  of  shellac  varnish,  and  applying  heat  to  a  certain  extent.  Of  course 
the  light  reflected  from  so  small  a  mirror  is  not  sufficient  when  the  usual  paraffin  lamp 
is  employed,  but,  with  oxygen  at  its  present  price,  there  is  no  reason  why  a  small  lime 
light  should  not  be  used.  I  have  found  that  with  even  a  small  supply  of  oxygen  the 
light  on  the  scale  is  abundant,  and  there  is  no  difficulty  in  observing  a  deviation  of 
5-  mm.  The  theoretical  defining  power  upon  a  scaJe  a  metre  distant  of  a  mirror 
2f  mm.  in  diameter  is  about  "23  mm. 

The  image  of  the  cross  wire  given  by  a  mirror  of  this  size  that  was  used  in  the 
radio-micrometer  shown  to  the  lioyal  Society  was  a  sharp  line  which  could  be  read 
with  an  accuracy  of  mm. 

As  the  little  mirror  is  plane,  I  have  cemented  a  plano-convex  lens  of  a  convenient 
focus  in  the  place  of  the  usual  plane  glass  window  which  must  be  used  to  protect  the 
moving  parts  from  currents  of  air.  This  is  preferable  to  a  double  convex  lens,  because 
the  flat  surface  is  more  convenient  for  cementing,  but  especially  because  this  surface 
by  reflection  also  throws  an  image  on  the  scale  which  is  invariable  in  position,  and 
which  may  be  used  as  a  reference  mark  if  the  scale  is  moved. 

As  the  definition  of  the  mirror  is  still  so  good  that  the  pow'er  of  reading  a  deflection 
in  the  ordinary  way  is  not  materially  reduced,  no  change  will  be  practically  neces¬ 
sary  in  the  series  of  equations  14-18,  which  are  only  strictly  applicable  when  the 
defining  power  is  not  affected  by  change  of  K. 

The  junction  is  the  only  part  of  the  suspended  portion  of  the  instrument  which  now 
remains  arbitrary.  I  have  provisionally  assumed,  for  the  sake  of  arithmetical  results, 
a  pair  of  bars  of  antimony  and  bismuth  5  X  1  X  j  mm.  fixed  parallel  to  one  another 
at  a  mean  distance  apart  of  1  mm.  A  less  mean  distance  is  impracticable,  though  it 
would  be  an  advantage  ;  but'the  length  and  sectional  area  may  be  modified  if  found 
necessary. 

Before  considering  the  effect  of  varying  the  proportion  of  the  antimony-bismuth 
bars,  it  will  be  convenient  at  this  point  to  find  numerically  the  value  of  the  combination 
(see  fig.  6)  which  has  thus  been  developed. 

They  are  as  follows  :  — 


1 


—  *000387  sq.  cm. 

V  uv 


3'970  cm. 


=  4-284  X  10“^ 


^KCuv 

=  271-8. 


^  if  6  =  1  mm. , 

J 


2  A  2 
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Now,  assuming  that  the  working  field  is  four  times  that  found,  then  the  product  hi 
must  be  made  one-seventh  of  that  stated  above,  and  the  product  E^.  X  H",  which 

FiY-.  0. 


represents  the  available  sensibility,  must  be  made  If  times  as  great.  It  is  satisfactory 
to  find  that  the  greatest  efficacy,  and  therefore  sensibility,  is  with  the  narrow  circuit 
about  six  times  as  o-reat  as  that  found  for  the  wide  circuit  first  considered. 

There  is  no  reason  why  the  exact  dimensions  assigned  to  the  active  bars  should  be 
employed ;  it  will  be  well,  therefore,  to  consider  what  will  be  the  effect  of  using  bars 
of  other  dimensions. 

Let  the  sectional  area  be  supposed  increased  in  the  ratio  1  :n‘,  then  K  will  become 
wK,  and  C  will  become  C/n;  therefore,  the  greatest  efficacy  which  depends  on  the 
product  of  these  will  be  unchanged,  but  this  assumes  a  constant  difference  of  tempera¬ 
ture  between  the  ends  of  the  bars.  Now,  in  the  case  of  the  increased  sectional  area, 
the  radiation  of  heat  upon  the  warm  junction  will  be  unchanged,  while  for  a  given 
temperature  difference  the  flow  of  heat  to  the  cool  junction,  both  on  account  of 
ordinary  heat  conduction  and  the  Peltier  action  of  the  current,  will  be  increased,  and, 
thus,  the  warm  junction  will  not  become  so  warm  ;  thus,  the  actual  sensibility  will  be 
less.  The  loss  of  beat  by  radiation  from  the  bars  can  only  be  less  in  consequence  of 
the  warm  junction  being  cooler,  and,  thus,  the  conclusion  remains  true,  that  there  is  no 
limit,  except  that  itnposed  by  the  difficulty  of  working  the  materials,  to  the  smallness 
of  the  sectional  area  that  should  be  used.  I  may  say  here  that  I  have  found  no  great 
difficulty  in  making  the  bars  as  little  as  mm.  thick,  and  in  making  perfect  soldered 
joints  where  the  weight  of  solder  used  does  not  exceed  the  fifth  part  of  a  milligram. 
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But  to  do  this  the  ordinary  methods  must  be  discarded,  and  special  means  and  special 
tools  devised,  when  the  difficidty  becomes  greatly  reduced.  Though  full  instructions 
would  be  interesting  to  the  few  who  would  ever  probably  care  to  make  circuits  of  this 
extreme  fineness,  I  do  not  think  a  detailed  account  of  the  manipulation  would  be  suitable 
for  insertion  in  this  paper.  I  may,  however,  mention  two  causes,  ordinarily  of  no  great 
moment,  which  become,  under  the  peculiar  circumstances,  of  the  first  importance. 
One  is  the  apparently  instantaneous  conduction  of  heat,  and  the  other  the  surface 
tension  of  melted  solder,  which,  unless  provided  against,  will  produce  troublesome  and 
unexpected  results.  There  is  no  need  to  do  more  than  mention  the  fusibility  of  the 
bismuth  in  the  presence  of  the  melted  solder. 

If  the  length  of  the  bars  be  supposed  increased  in  the  ratio  of  1  :  K  will  become 
nK,  and  C  will  become  nC  ;  thus,  since  E  oc  Ij E  will  become  n  times  as  small. 
But  here  again  less  heat  will  reach  the  cool  junction  with  the  larger  bars,  both  by 
conduction  and  by  the  Peltier  action  of  the  current.  Thus,  the  warm  junction  will 
become  warmer,  and  the  cool  junction  colder :  now,  should  the  temperature  difterence 
become  also  n  times  as  great,  the  actual  sensibility  of  the  circuit  would  remain 
unchanged.  If  no  heat  were  radiated  from  the  bars,  then  the  temperature  difference 
would  be  proportional  to  n,  and  the  actual  sensibility  independent  of  n  ;  but,  on 
account  of  the  radiation  which  must  occur,  the  temperature  difference  would  vary  in  a 
less  ratio  than  L  :n,  and  therefore  the  bars  could  not  be  too  short  until  the  cold  junc¬ 
tion  became  sufficiently  near  the  hot  junction  for  it  to  be  impossible  to  prevent  the 
radiant  heat  from  falh'ng  on  it  also. 

On  the  other  hand,  on  account  of  the  increased  flow  of  heat  with  the  shorter  bars, 
the  cool  junction  would  be  made  warmer,  and  the  whole  junction  would  therefore 
become  warmer,  and  so  there  would  be  an  increased  loss  by  radiation  from  the  warm 
junction.  On  this  account  the  temperature  difference  would  be  less, 

I  may  mention  here  that,-  in  the  narrow  pattern  of  instrument,  I  have  found  it 
advantageous  to  make  a  special  heat-receiving  surface  of  the  thinnest  copper,  of  the 
size  and  shape  suited  to  the  purpose  for  which  the  instrument  is  made,  and  to  keep 
the  whole  of  the  bars  screened  from  the  radiant  heat  altogether.  This  an  adaptation 
to  the  radio-micrometer  of  the  copper-faced  thermopile,  which  Lord  Bosse  has  found, 
and  which  is,  obviously,  so  far  preferable  to  the  ordinary  construction. 

Though  it  is  impossible  to  find  by  calculation  the  exact  relative  value  of  the  three 
sources  of  equalisation  of  temperature  in  the  circuit — namely,  conduction  of  heat, 
Peltier  effect,  and  radiation — it  will  be  some  guide  to  find,  as  far  as  data  will  allow, 
what  their  values  are.  It  is  most  coDvenient  to  express  them  all  by  giving  the  time 
that  would  elapse  before  all  the  heat  which  is  transferred  to  the  cold  junction  by 
either  of  the  first  two  actions,  or  which  escapes  in  consequence  of  the  third,  would  be 
sufficient  to  raise  the  pair  of  bars  to  the  temperature  of  the  warm  junction,  or,  in  the 
case  of  radiation,  to  raise  it  about  half  as  much. 
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It  is  easy  to  show  that  this  time  is  for  the  Peltier  effect  equal  to  where 

J  is  Joule’s  ecjui valent  (4 ‘2  X  10’'), 

E,  =  2C  is  the  resistance  of  the  whole  circuit  (67'42  X  10*^), 
s  is  the  heat  capacity  of  the  two  bars  ('000798), 
t  is  the  mean  absolute  temperature  (taken  as  290), 

9  the  thermo-electric  power  (taken  as  10,000). 

The  time  of  ecjiialisation  at  a  supposed  constant  rate  is  on  this  account  7  7 '9  seconds. 

This  is  true  of  the  circuit  of  greatest  efficacy ;  if  the  circuit  of  reduced  size  is 
employed,  that  is,  one  with  a  length  one-ISI‘''  of  this,  then  the  total  resistance  R  and 
the  time  of  equalisation  will  he  (N  -j-  l)/2N  times  as  great.  This  can  never  be  less 
than 

The  corresponding  time  for  the  equalisation  by  conduction  may  he  taken  as  equal  to 
s//Da,  where 

I  is  the  length  of  the  bars, 
a  their  sectional  area  (separately), 

D  the  sum  of  the  conductivities  of  antimony  and  bismuth,  i.e.,  '0607, 

The  value  of  this  time  is  2 '63  seconds. 

Thus,  conduction  appears  to  be  far  more  important  than  the  Peltier  effect,  which, 
})ractically,  may  be  left  out  of  account.  It  can  only  become  comparable  when  so 
much  heat  is  lost  by  radiation  that  the  rate  of  conduction  at  the  cool  end  is -far  less 
than  at  the  hot  end,  but  in  this  case  they  would  neither  be  of  any  practical 
importance  in  comparison  with  the  radiation. 

The  data  for  finding  tlie  time  for  the  escape  of  half  the  quantity  of  heat  by 
radiation,  contact  of  air,  &c.,  are  of  doubtful  value,  on  account  of  the  very  small 
size  of  the  bars.  But  taping  Professor  Tait’s  figure,  given  in  Burton’s  Tables,  for  a 
black  surface,  the  time  would  be  about  29  seconds.  Though  no  great  value  must  be 
attached  to  this  figure,  it  would  appear  that  conduction  is  the  main  cause  of  the 
equalisation  of  the  temperature  of  the  circuit. 

The  Peltier  effect  is  involved  in  another  manner  in  the  action  of  the  instrument. 
It  must  make  a  difference  in  the  value  of  the  least  magnetic  field  w'hich  is  necessary 
for  the  dead  beat  conditions.  Thus,  during  motion  of  the  circuit,  currents  are 
induced  which  oppose  the  motion  ;  but  these  currents  set  up  difierences  of  tempera¬ 
ture,  which  oppose  the  currents.  Therefore,  a  stronger  field  may  be  employed  before 
the  dead  beat  conditions  are  reached.  It  is  hardly  necessary  to  do  more  than  state 
that,  as  the  result  of  calculation,  no  appreciable  change  is  made  in  the  value  of  the 
dead  beat  magnetic  field  on  this  account. 

I  nmst  here  mention  the  only  difficulty  which  is  apt  to  be  found  in  practice.  It 
arises  from  the  magnetic  jiroperties  of  many  materials  which,  insignificant  though 
they  are  under  ordinary  methods  of  observation,  become  of  serious  importance  when 
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the  extremely  feeble  force  due  to  the  torsion  of  the  fibre  is  taken  into  account.  I 
have  found  it  absolutely  necessary  to  sink  the  antimony  and  bismuth  into  a  little 
well  made  by  drilling  a  hole,  no  larger  than  necessary,  in  a  piece  of  soft  mon  which  is 
buried  in  the  brasswork.  A  small  lateral  hole  allows  the  radiation  to  fall  on  the  heat¬ 
receiving  surface.  This  effectually  screens  off  the  part  which  produces  the  greatest 
disturbance  (see  fig.  7,  in  which  the  iron  is  represented  by  the  darker  shading).  The 


Fig.  7. 


copper  must  be  exposed  to  the  magnetism ;  therefore,  it  must  be  careftilly  examined 
to  see  that  it  is  neutral,  and  it  must  then  be  kept  away  from  emery  or  magnetic 
cleaning  materials. 

It  is  finally  necessary  to  show  that  advantage  is  gained  by  employing  the  antimony- 
bismutb-copper  combination,  instead  of  the  plain  pair  of  wires  used  by  M.  d’Aesonval. 
While  antimony-bismuth  wires  would,  on  account  of  their  great  thermo-electric  power, 
be  superior  to  palladium- silver,  they  would,  on  account  of  their  magnetic  qualities, 
disturb  the  natural  period  of  the  circuit.  By  the  combination  which  I  have  employed, 
1  am  able  to  make  use  of  this  great  thermo-electric  power  at  the  same  time  that  the 
magnetic  disturbance  is  avoided. 

Some  of  the  conclusions  enunciated  m  the  preliminary  note  require  modification  in 
view  of  the  more  extended  investigation  described  in  this  paper.  In  a  note,  added 
March  23rd,  I  had  concluded  that  more  than  one  junction  would  be  advantageous, 
but  this  is  not  the  case. 
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But  the  point  that  requires  special  correction  is  the  estimate  formed  of  the  greatest 
possible  sensibility.  This  was  calculated  on  the  assumption  that  an  instrument  could 
be  used  practically  when  a  particular  circuit  had  a  natural  vibration  period  of  20 
seconds,  and  was  suspended  in  a  field  of  10,000  units,  produced  by  an  electro-magnet. 
Without  entering  on  the  question  whether  an  electro-magnet  could  be  used,  it  is 
sufficient  to  say  that  the  resistance  to  the  motion  would  be  so  great,  the  instrument 
would  be  so  much  more  than  just  dead  beat,  that  the  time  of  coming  to  rest  would  be 
enormously  prolonged.  Thus,  though  the  figure  given  is  correct,  the  conditions  to 
which  it  refers  would  not  practically  be  advantageous. 

It  is,  then,  wfith  some  satisfaction  that  I  turn  to  the  result  given  by  an  instrument 
of  the  narrow  form,  having  the  best  proportions.  I  have  now  taken  quantities  which 
can  not  only  be  separately  obtained,  but  which  can  be  used  together,  and  which  I 
have  actually  used  with  success. 

Under  these  conditions,  the  least  difference  of  temperature  that  could  be  observed 
with  certainty,  that  is,  one  giving  a  movement  of  the  light  of  ^  mm.  on  the  scale, 
would  be  due  to  a  temperature  difference  of  less  than  one  two-millionth  of  a  degree 
Centigrade.  This  figure  is  obtained  by  putting  in  the  values  of  the  quantities  in  the 
formula  for  temperature,  which  may  be  expressed  in  a  variety  of  ways.  The  following- 
are  convenient : — 

y/K.Cuv 

3TTO  ’ 


Temperature  difference  = 


or,  if  the  dead  beat  magnetic  field  for  such  a  circuit  be  employed  as  well. 

Temperature  difference  =  ^  ■s/KC. 

a!  is  the  least  observable  angle  of  deflection  (supposed  lo.oo  b)? 
d,  the  thermo-electric  power  (supposed  10,000), 

T,  the  natural  vibration  period  (supposed  10  seconds), 

K,  C,  "14,  and  v  as  before. 

The  temqjerature  difierence  8 ’06  X  10“'^,  found  from  the  equation  above,  must  be 
multiplied  by  y  to  give  the  corresponding  figures  for  the  circuit  of  reduced  length. 

Tests  made  with  an  instrument  of  the  narrow  form,  in  which  it  was  evident  that 
tlie  magnet  still  acted  to  a  slight  extent  on  the  materials  of  the  suspended  portion, 
show  it  to  be  in  practice  exceedingly  sensitive,  and,  what  is  of  even  more  importance, 
the  equilibrium  of  the  moving  parts  remains  perfectly  stable.  The  surface  which 
receives  the  radiant  heat  is  in  a  particular  case  a  disc  only  2  mm.  in  diameter,  and 
when  the  scale  is  30  inches  from  the  mirror,  the  hand  held  about  a  yard  from  the 
instrument  produces  at  once  a  deflection  of  1 6  cm.  A  candle  flame  at  9  feet  produced 
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a  deviation  of  45  mm.  every  time  a  small  shutter  close  to  the  candle  was  pulled  on 
one  side  with  a  piece  of  cotton,  nothing  else  being  allowed  to  move.  Making  a  strict 
comparison  between  this  result  and  those  referred  to  in  the  preliminary  note,  this 
would  give  1530  feet  as  the  distance  to  which  a  halfpenny  might  be  taken  from  a 
candle  flame  before  the  heat  which  it  would  receive  would,  if  concentrated  on  the 
sensitive  surface,  be  too  small  to  produce  a  deflection  of  ^  mm.  This  flgure  is  con¬ 
siderably  in  excess  of  that  obtained  before,  even  though  the  flbre  is  10  instead  of 
38  cm.  long,  the  scale  is  only  30  inches  from  the  screen,  and  a  deflection  of  ^ 
instead  of  mm.  is  here  assumed  as  the  least  that  could  be  observed  with 
certainty. 

With  regard  to  the  rotating  pile  described  at  the  end  of  the  preliminary  note, 
I  ought  to  say  that  something  very  similar  is  mentioned  in  Noad’s  ‘Electricity  and 
Magnetism,’  but  I  was  not  aware  of  this  at  the  time  of  publication.  There  is,  how¬ 
ever,  a  curious  difference,  which  is  worth  pointing  out.  So  far  as  I  have  been  able  to 
learn,  the  wire  frames  described  in  Noad’s  book  only  rotate  one  way  when  on  one 
pole,  and  the  other  way  when  on  the  other  pole  of  a  magnet.  Now,  my  arrangement 
will  not  rotate  at  all  when  placed  over  a  pole ;  it  will  only  rotate  when  between  two 
poles,  and  then  it  will  go  either  way  when  the  heat  is  applied  on  one  side,  but  will  be 
prevented  from  moving  when  the  heat  is  applied  on  the  other  side.  Though  the 
matter  is  of  little  importance,  I  may  perhaps  explain  the  reason  for  the  peculiar 
behaviour  of  my  arrangement. 

The  cross  seen  in  fig.  8  is  made  with .  bismuth  arms  and  an  antimony  centre.  At  the 


ends  of  the  arms  four  copper  wires,  a,  b,  c,  d,  are  soldered  at  right  angles  to  the  plane 
of  the  cross,  and  lower  down  to  a  ring  of  copper.  The  whole  is  balanced  on  a  point 
between  the  poles  of  a  magnet,  and  is  free  to  turn. 

If  heat  is  applied  to  the  point  e,  an  up  current  in  the  wire  is  produced  at  c,  and  a 
down  current  at  a.  Hence,  the  position  of  the  cross  is  one  of  unstable  equilibrium. 
Whichever  way  the  cross  begins  to  move,  it  will  be  kept  moving  in  this  direction. 
Suppose  it  to  start  in  the  direction  of  the  arrow,  that  side  of  the  antimony  centre 
which  faces  the  north  pole  will  become  the  hottest,  though  it  is  gaining  heat  most 
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rapidly  when  passing  e ;  hence,  the  up  current  at  cl  and  the  down  current  at  h  will 
each  be  urged  on  in  the  same  direction.  If,  however,  the  cross  started  in  the  other 
direction,  the  side  nearest  the  south  pole  would  become  the  hottest,  the  current  would 
pass  the  other  way,  and  the  reversed  motion  wmuld  still  be  kept  up.  Thus,  which¬ 
ever  way  it  moves,  it  is  kept  moving  in  the  same  direction.  If,  however,  the  heat  is 
applied  on  the  opposite  side,  the  first  current  produced  is  in  a  position  of  stable 
equilibrium  ;  hence,  the  circuit  shows  no  disposition  to  move  unless  there  is  want  of 
symmetiy,  when  it  moves  45°,  and  then  the  equilibrium  is  absolutely  stable.  Which¬ 
ever  way  the  circuit  is  now  made  to  turn,  the  direction  of  the  currents  will  be  such  as 
stop  the  motion,  for  the  same  reason  that  in  the  previous  case  they  maintained  it. 

In  conclusion,  the  principal  advantages  in  the  instrument  the  development  of  which 
is  described  in  this  paper  are  : — 

Extreme  quickness  and  sensibility. 

Freedom  from  extraneous  thermal  and  magnetic  influence. 

The  sensibility  can  be  varied  at  wall. 

The  instrument  may  be  made  dead  beat,  or  its  logarithmic  decrement  may  be 
varied  at  will. 

By  the  use  of  the  quartz  fibre,  difficulties  caused  by  the  uncertain  behaviour  of 
silk  under  varying  conditions  of  temperature  and  moisture — difficulties  that 
would  be  far  greater  than  in  the  case  of  a  galvanometer — are  completely 
obviated. 

On  the  other  hand,  a  disadvantage  inherent  in  the  instrument  is  that  it  must,  like 
a  galvanometer,  be  fixed  in  position  ;  it  is  inferior  to  the  thermopile  or  bolometer  in 
the  ease  with  which  they  can  be  pointed  in  any  desired  direction. 
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1.  The  hydrodynaraical  problem  of  finding  the  waves  or  oscillations  on  a  gravitating 

mass  of  liquid  which,  when  undisturbed,  is  rotating  as  if  rigid  with  finite  angular 

velocity,  in  the  form  of  an  ellipsoid  or  spheroid,  was  first  successfully  attacked  by 

/ 

M.  Poincare  in  1885.  In  his  important  memoir,  “  Sar  TEquilibre  d  une  Masse  Fluide 
animee  d’un  Mouvement  de  Potation,”  *  Poincare  has  (§  13)  obtained  the  differential 
equations  for  the  oscillations  of  rotating  liquid,  and  shown  that,  by  a  transformation 
of  projection,  the  determination  of  the  oscillations  of  any  particular  period  is  reducible 
to  finding  a  suitable  solution  of  Laplace’s  equation.  He  then  applies  Lame’s 
functions  to  the  case  of  the  ellipsoid,  showing  that  the  differential  equations  are 
satisfied  by  a  series  of  Lame’s  functions  referred  to  a  certain  auxiliary  ellipsoid,  the 
boundary-conditions,  however,  involving  ellipsoidal  harmonics,  referred  to  both  the 
auxiliary  and  actual  fluid  ellipsoid.  At  the  same  time,  Poincare’s  analysis  does  not 
appear  to  admit  of  any  definite  conclusions  being  formed  as  to  the  nature  and 
frequencies  of  the  various  periodic  free  waves. 

The  present  paper  contains  an  application  of  Poincare’s  methods  to  the  simpler 
case  when  the  fluid  ellipsoid  is  one  of  revolution  (Maclaurin’s  spheroid).  The 
solution  is  effected  by  the  use  of  the  ordinary  tesseral  or  zonal  harmonics  applicable 
to  the  fluid  spheroid  and  to  the  auxiliary  spheroid  required  in  solving  the  differential 
equation.  The  problem  is  thus  freed  from  the  difficulties  attending  the  use  of  Lame’s 
functions,  and  is  further  simplified  by  the  fact  that  each  independent  solution  contains 
harmonics  of  only  one  particular  degree  and  rank. 

By  substituting  in  the  conditions  to  be  satisfied  at  the  surface  of  the  spheroid  we 
arrive  at  a  single  boundary-equation.  If  we  are  treating  the  forced  tides  due  to  a 
known  periodic  disturbing  force,  this  equation  determines  their  amplitude  and,  hence, 
the  elevation  of  the  tide  above  the  mean  surface  of  the  spheroid  at  any  point  at  any 
time.  If  there  be  no  disturbing  force,  it  determines  the  frequencies  of  the  various 
free  waves  determined  by  harmonics  of  given  order  and  rank.  Denoting  by  k  the 
ratio  of  the  frequency  of  the  free  waves  to  twice  the  frequency  of  rotation  of  the 
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liquid  about  its  axis,  the  values  of  k  are  the  roots  of  a  rational  algebraic  equation, 
and  depend  only  on  the  eccentricity  of  the  spheroid,  as  well  as  the  degree  and  rank 
of  the  harmonic,  while  the  number  of  diflPerent  free  waves  depends  on  the  degree  of 
the  ecpiation  in  k.  At  any  instant  the  height  of  the  disturbance  at  any  point  of  the 
surface  is  proportional  to  the  corresponding  surface  harmonic  on  the  spheroid,  inulti- 
23lied  by  the  central  jjeiqDendicular  on  the  tangent  j^lane,  and  is  of  the  same  form  for 
all  waves  determined  by  harmonics  of  any  given  degree  and  rank,  whatever  be  their 
frequency ;  but  the  motions  of  the  fluid  particles  in  the  interior  will  differ  in  nature  in 
every  case. 

Taking  first  the  case  of  zonal  harmonics  of  the  degree,  we  find  that,  according 
as  n  is  even  or  odd,  there  will  be  ^  or  \{n  1 )  different  periodic  motions  of  the 

liquid.  These  are  essentially  oscillatory  in  character  and  symmetrical  about  the  axis 
of  the  sjDheroid.  In  all  but  one  of  these  the  value  of  k  is  essentially  less  than  unity, 
that  is,  the  period  is  greater  than  the  time  of  a  semi-revolution  of  the  liquid. 

Taking  next  the  tesseral  harmonics  of  degree  n  and  rank  s,  we  find  that  they 
determine  n  —  .?  -j-  2  j^eriodic  small  motions.  These  are  essentially  tidal  waves 
rotating  with  various  angular  velocities  about  the  axis  of  the  spheroid,  the  angular 
velocities  of  those  rotating  in  ojojDOsite  directions  being  in  general  different.  All  but 
two  of  the  values  of  k  are  numerically  less  than  unity,  the  periods  of  the  corresponding 
tides  at  a  j^oint  fixed  relatively  to  the  liquid  being  greater  than  the  time  of  a  semi¬ 
revolution  of  the  mass.  The  mean  angular  velocity  of  these  n  —  s  2  -waves  is  less 
than  that  of  rotation  of  the  mass  by  2/{5  —  s  +  2)  }  of  the  latter. 

In  the  two  waves  determined  by  any  sectorial  harmonic,  the  relative  motion  of  the 
liquid  particles  is  irrotational.  The  harmonics  of  degree  2  and  rank  1  give  rise  to  a 
kind  of  precession,  of  which  there  are  two. 

I  have  calculated  the  relative  frequencies  of  several  of  the  principal  waves  on  a 
spheroid  whose  eccentricity  is  \/2. 

The  question  of  stability  is  next  dealt  with,  it  being  shown  that  in  the  j)resent 
jDroblem,  in  which  the  liquid  forming  the  spheroid  is  supposed  perfect,  the  criteria  are 
entirely  different  from  the  conditions  of  secular  stability  obtained  by  Poincare  for 
the  case  wdien  the  liquid  possesses  any  amount  of  viscosity,  and  which  latter  dejiend 
on  the  energy  being  a  minimum.  In  fact,  for  a  disturbance  initially  determined  by 
any  harmonic  (jirovided  that  it  is  symmetrical  with  respect  to  the  equatorial  plane, 
since  for  unsymmetrical  disjilacements  the  spheroid  cannot  be  unstable),  the  limits  of 
eccentricity  consistent  with  stability  are  wider  for  a  perfect  liquid  spheroid  than  for 
one  possessing  any  viscosity.  If  we  assume  that  the  disturbed  surface  initially 
becomes  ellijisoidal,  the  conditions  of  stability  found  by  the  methods  of  this  paper 
agree  with  those  of  Piemann. 

The  case  when  the  ellipticity  and,  therefore,  the  angular  velocity  are  very  small  is 
next  discussed,  it  being  shown  that  all  but  two  of  the  waves,  or  all  but  one  of  the 
oscillations  for  any  particular  liarmonic,  become  unimportant,  their  periods  increasing 
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indefinitely.  In  the  case  of  those  whose  periods  remain  finite  for  a  non-rotating 
spherical  mass,  the  effect  of  a  small  angular  velocity  co  of  the  liquid  is  to  cause  them 
to  turn  round  the  axis  with  a  velocity  less  than  that  of  the  liquid  by  co/n. 

Finally,  the  methods  of  treating  forced  tides  are  further  discussed.  The  general 
cases  of  a  “  semi-diurnal  ”  forced  tide,  or  of  permanent  deformations  due  to  constant 
disturbing  forces,  are  mentioned  in  connection  with  some  peculiarities  they  present ; 
and  these  are  followed  by  examples  of  the  determination  of  the  forced  tides  due 
to  the  presence  of  an  attracting  mass,  first,  when  the  latter  moves  in  any  orbit  about 
the  spheroid,  secondly,  when  it  rotates  uniformly  about  the  spheroid  in  its  equatorial 
plane.  The  effects  of  such  a  body  in  destroying  the  equilibrium  of  the  spheroid  where 
the  forced  tide  coincides  with  one  of  the  free  tides  form  the  conclusion  of  this  paper. 


Poincare’s  Differential  Equations  for  Waves  or  Oscillations  of  Rotating  Liquid. 

2.  Suppose  a  mass  of  gravitating  liquid  is  in  relative  equilibrium  when  rotating  as 
if  rigid  about  a  fixed  axis  with  angular  velocity  w,  and  that  it  is  required  to  determine 
the  waves  or  small  oscillations  due  to  a  slight  disturbance  of  the  mass. 

Let  the  motion  be  referred  to  a  set  of  orthogonal  moving  axes,  of  which  the  axis  of 
z  IS  the  fixed  axis  of  rotation,  while  the  axes  of  a?,  y  rotate  about  it  with  angular 
velocity  w.  In  the  steady  or  undisturbed  motion  the  positions  of  the  fluid  particles 
relative  to  these  axes  will  remain  fixed.  In  the  oscillations,  let  U,  V,  W  Pe  the 
small  component  velocities  of  the  fluid  at  the  point  (x,  y,  z)  relative  to  the  axes.  The 
actual  component  velocities  referred  to  axes  fixed  in  space  and  coinciding  with  our 
axes  of  X,  y,  z,  at  the  time  considered,  will  be  U  —  V  +  oix,  W,  and  the  equations 
of  hydrodynamics  may  be  written  ''' 


0U 

dt 


CO  (V  +  a;a:)  +  U  g- 


dt 


+  co(U 


dw 

dt 


+<  +''f 


CO 


+  w 
+  w 
+  w 


0U 

0^~ 

dz 

0W 


^  ]  being  the  potential  due  to  the  attraction  of  the  liquid  and  any  forces  which  may 
act  on  it,  ^3  the  pressure,  and  p  the  density. 

For  small  disturbances  we  may  neglect  squares  and  products  of  the  relative 
velocities  U,  V,  W  (as  is  usual  in  wave  problems),  and,  therefore,  the  above  equations 
reduce  to 


*  Basset,  ‘  Hydrodynamics,’ vol.  I,  §23;  or  Greenhill,  ‘Encyclopsedia  Britannica,’  article  “  Hydro¬ 
mechanics.” 
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where 


0U 

dt 


-  2coV  == 


0V 

dt 

0W 

0^ 


-}-  2(»XJ  — 


h?;  i 


d-yjr 


(1). 


(Si)- 


We  have  also  the  equation  of  continuity, 


0U  0V  0W  _ 

0.r  0y  dz  ~ 


(3). 


Eliminating  U,  V,  W  from  equations  (1),  (3),  we  obtain  the  differential  equation 


02 

0^2 


vV  +  =  0 


(i), 


where,  as  usual,  stands  for  Laplace’s  operator  d'^jdx^  + 

3.  Let  us  now  consider  separately  the  simple  harmonic  oscillations  of ’one  particular 
period.  Assume  that  U,  V,  W,  and  xfj  all  vary  as  so  that  the  ratio  of  the  period 
of  oscillation  to  the  time  of  a  complete  revolution  of  the  liquid  mass  about  its  axis  is 
i/2/c.  The  equations  (1),  (4)  reduce  to 


2a;  (ikU  -  V) 
2a;  (lkV  -h  U) 
2colkW 


B-yfr 
dx 

0^  I 

0y  ’  r 

d\Jr 

87 


(5). 


0h|/  ^  /  _  1  \  ^ 

0;c2  df  022  “ 


Put 


and 

Equation  (6)  now  becomes 


T  2 

1  —  ,  =  T- 

K“ 


Z  —  TZ 


02'v^  ,  d~\Jr  I 


(6). 

("). 

(8). 
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If  K  be  greater  than  unity,  r  and,  therefore,  also  z'  will  be  real.  We  may  take 
{x,  y,  z')  to  be  the  coordinates  of  a  point  corresponding  to  the  point  {x,  y,  z)  of  the 
liquid.  We  thus  obtain  a  new  region  of  points  derivable  from  the  original  region  by 
homogeneous  strain  parallel  to  2  or  by  projection.  This  region  may  be  called  the 
auxiliary  region,  and  the  surface  formed  by  points  corresponding  to  points  on  the 
fluid  surface,  the  auxiliary  surface.  Our  problem  thus  reduces  to  that  of  finding  a 
suitable  value  of  xjj  satisfying  Laplace’s  equation  (9)  within  the  space  bounded  by  the 
auxiliary  surface. 

But  we  must  revert  to  the  original  system  in  order  to  satisfy  the  boundary- 
conditions,  which  must  hold  at  the  actual  surfaee  of  the  liquid,  not  at  the  auxiliary 
surface.  If  the  surface  of  the  liquid  be  free,  y>  must  be  constant  over  it,  and,  therefore, 
the  condition  to  be  satisfied  all  over  the  disturhed  surface  of  the  liquid  is 

i//  =  i  +  y”)  +  const . (10). 

In  forming  the  expression  for  V]  we  must  remember  that  the  gravitation  potential 
is  due  to  the  disturbed  configuration  of  the  liquid  mass. 

If  K  be  less  than  unity,  t  will  be  imaginary,  and,  therefore,  the  auxiliary  surface 
will  also  be  imaginary.  But  the  results  arrived  at  by  this  method  in  the  case 
where  r  is  real  will  still  hold  good  even  if  r  be  imaginary,  provided  that  the  expression 
obtained  for  t/;  is  a  real  function  of  the  coordinates  x,  y,  z.  The  method  breaks  down 
if  K  =  dh  when  r  vanishes  ;  this  must  be  treated  as  a  limiting  case. 


Solution  for  the  Spheroid  hy  Spheroidal  Harmonics. 

4.  Let  the  liquid  be  in  the  form  of  a  Maclaurin’s  spheroid  the  equation  of  whose 
surface  is 


so  that 


X-  -t  y"  ,  _  a;-  +  _ 

d  +  1)  d  cosec”  u'c-  cot-  a 

Co  =  cot  a  .  .  . 


=  1 . (11), 


■  •  (12). 


and  sin  a  is  the  eccentricity  of  the  spheroid,  c  being  the  radius  of  its  focal  circle. 
The  locus  of  the  corresponding  point  (x,  y,  z)  is  the  auxiliary  quadric 


xr  -h  ?/“ 


c-  cosec®  a  c®  cot®  « 


+ 


T~Z 


—  I 


(13). 


This  quadric  will  be  a  prolate  spheroid  if  lies  between  zero  and  cos^  a,  that 
IS,  if  lies  between  unity  and  cosec®  a.  If  t®  is  greater  than  cos®  a,  or  ac®  greater 
than  cosec®  a,  the  spheroid  will  be  oblate.  If  r®  be  negative,  or  /c®  less  than  unity. 
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equation  (13)  represents  a  hyperboloid  of  one  sheet,  but  the  part  corresponding  to 
the  liquid  surface  is  the  imaginary  portion  for  which  +  'if'  is  less  than  (?  cosec~  a, 
and  z'^  is  negative  ;  this  is  the  imaginary  auxiliary  spheroid. 

We  shall  take  as  our  standard  case  that  in  which  equation  (13)  represents  a 
prolate  auxiliary  spheroid.  Let  it  be  written  in  the  form 


so  that 


Solving  for  vq,  k,  we  find 


+  ^  1 

/d(^o^-i)  Z.-V 

k^  {vf  —  1)  =  cosec^  a, 


,  O  „  cot^  «  cot®  «  .  /C® 

/C-Pq-  =  -  ^  z=  -  - 

T"  /C"  —  i 


K  COS  « 


v/  (1  —  /c®  sin®  a) 


(ij). 


(15), 


cosec®  a.  —  K" 
/c®  —  1 


(16). 


The  solution  of  the  differential  equation  (9)  must  be  effected  by  means  of  spheroidal 
harmonics  applicable  to  the  auxiliary  spheroid  (14),  whilst  the  expressions  for  the 
gravitation  potential  of  the  liquid  mass  and  the  boundary-conditions  will  involve 
spheroidal  harmonics  referred  to  the  actual  liquid  spheroid  (11).  We  must,  therefore, 
use  tvm  different  sets  of  oi-thogonal  elliptic  coordinates  for  the  auxiliary  and  the 
actual  systems.  Let  these  coordinates  be  denoted  by  (/r',  v,  (f))  (p.,  (f>)  respectively, 

and  let  them  be  connected  with  the  rectangular  coordinates  in  the  two  systems  by 
the  relations 


X  =■  k  ^  [p~ 
y  =  ky/{v^ 
z!  —  kvy! 
and,  therefore, 

Z  =  kpfJLT 


1)  v/  (1  —  cos  c  V  (C^  -h  1)  v/  (1 
1)  \/  (1  —  sin  (f)  =  1)  a/  (1 

=  cCp/t 


P^)  cos  (j) 
p^)  sin  (f) 


V 


(17). 


The  surfaces  of  the  spheroids  will  be  given  by  the  equations 


^  =  Co  . (18), 

or 

V  —  vq . (18a); 


moreover,  all  over  these  surfaces,  at  corresponding  points. 


p  =  p 


(19). 


LIQUID  SPHEROID  OP  FINITE  ELLIPTICITY. 


193 


The  angular  coordinate  (f)  is  the  same  in  both  systems ;  but,  except  over  the  surfaces, 
p,  will  not  be  equal  to  jx,  nor  will  any  other  two  of  the  surfaces  v  =  constant  and 
^  =  constant  coincide. 

Put  ju,'  =  cos  0.  On  transforming  to  {6,  v,  </>),  equation  (9)  becomes 


3  [/  3  1  L  ^  3  /  •  I  —  cos^  $  d'^Jr 

dvj'^  sin  e  dd  ^  30/  (v--  1)  sin3  6  dcf>^ 


0 


(20), 


of  which  a  solution,  finite  and  continuous  at  all  points  within  the  spheroid  (14),  is 

xfj  =  (/)  T/  {,)  . (21), 


where  A/  is  any  constant,  and 

T (,x')  =  ( 1  -  {^')  . (22). 

T,/(.)=(.*-l)<®(|;)’P„(0 . (23), 

P„  denoting  the  zonal  harmonic  of  degree  n. 


In  our  standard  case  v  is  real  and  greater  than  unity,  and  in  every  case  p.'  lies 
between  the  limits  +  1  and  —  1,  and  is  real.  I  have  adopted  the  above  notation 
(according  to  which  the  functions  T/  differ  in  form  by  the  constant  factor 

(—  1)^^^)  in  order  to  avoid  introducing  imaginary  coefficients  unnecessarily.'*^ 

It  is  easy  to  see  that  the  solution  (21)  is  applicable  in  every  case.  For,  if  be 
greater  than  cos^  a,  both  h  and  v  are  purely  imaginary  ;  whilst,  if  t"  be  negative,  we 
may  show  that  k  will  be  imaginary,  but  v  will  be  real  and  less  than  unity.  In  any 
case  T/  {y)  will  be  either  real  or  purely  imaginary,  so  that  (/x)  T/  (z^)  can  be 

always  made  a  real  function  of  the  coordinates  {x,  y,  z).  Moreover,  the  right-hand 
side  of  (21)  is  finite,  single  valued,  and  continuous  throughout  the  liquid  spheroid, 
and  satisfies  the  differential  equation  (6).  It  therefore  only  remains  to  investigate 
the  boundary-conditions  which  must  be  satisfied  by  i{j  at  the  surface  of  the  liquid. 

5.  The  spheroidal  harmonics  referred  to  the  liquid  spheroid,  required  for  these 
boundary-conditions,  will  be  formed  as  follows  ; — 

Let 

P-(?)  =  ^,(|)'‘(£^+i)"s(-i)»^P„(‘£)  ■  .  .  (2-1), 

c(0  =  (r+i)‘"(|f)'p.(0s(-i)*%'(‘£)  •  ■  ■  (25), 

*  The  tesseral  harmonics  may  be  replaced  by  the  associated  functions  of  the  first  kind  of  Heine  ’v\’ith- 
ont  any  change  in  the  formulae,  the  constant  coefficients  being  supposed  included  in  A/. 
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and  let 

<ln  iC)  =  Pu  U)  ■  . . 

w/  {0  =  t,t  (C)  (^3  +  1)  (^)}2  . (2^)- 

Then  the  expressions 

(^)  (Qjt^s  . (28), 

'^0  =  {[x)  u,f  {C)fu,f  (Co)  . (29), 

are  solutions  of  Laplace’s  equation  which  are  finite  and  continuous,  the  former 
throughout  the  interior  of  the  spheroid  (C  =  Co)?  fh®  latter  throughout  all  space 
outside  the  spheroid,  and  vanishing  at  infinity;  while  at  the  surface  (C  ==  Co)  hoth 
expressions  become  equal  to 

[u]  =  (ja)  . (30). 


The  Elevation  of  the  Waves  on  the  Surface. 


6.  Let  h  be  the  normal  displacement  at  any  jooint  of  the  liquid  surface,  i.e.,  the 
height  of  the  wave  above  the  level  of  the  undisturbed  spheroid. 

Let  CT  be  the  central  perpendicular  on  the  tangent  plane,  and  (iN  an  element  of  the 
outward  drawn  normal  to  the  surface  of  the  liquid  spheroid  (11).  We  readily  find 


dx _  0  //  _  Cy  hi; _ 

0~c  “  c-  +  1  ’  0C  ~  +  1  ’  r 


(31). 


and  at  the  surface,  since  the  element  dN  is  a  tangent  to  the  curve  /x  =  const., 
(f)  =  const.  ;  therefore, 


whence. 


the  differentials  in  (32)  being  total 
Also 

Vdr)?)- 

so  that 

7T  dN  =  c"Co  dZ  . (33). 
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From  equations  (5)  we  obtain 


2.(l-K=)V  =  «|-|t 

2a>(l  -k3)  W  = 


Multiplying  by  0^c/0N,  0y/0N,  0^/0N,  and  adding,  we  find  at  the  surface 


2.(1-k^)(U^  +  v|+w| 


(34). 


=  LK 


d-yj/'  dx  d-yfr  dy  g  d\Jr  dx  V  /0-v/r  ^ 
dx  dN  dy  dN  '  ^  dz  dN )  \dy  0]Sr 


dyjr  dy 
dx  0]sr 


But  U0a;/0N  +  V’0y/0N  +  W0z/0N  is  the  normal  velocity  of  the  liquid  relative  to 
the  moving  axes,  and  is  therefore  equal  to  dh/dt  or  to  ‘ZccoKh.  We  have,  therefore, 

4ct)®(l  —  k^)kIi 

_  d^/d'\lrdx  d‘y\rdy  „d-\lrdz\  0f  /d^dx  dijrdy\ 

^  dN  \dx  0f  dy  0f  ^  dz  d^/  0N  \02/  0f  dx  d^J 


=  KC% 


^  y  d^  I  X  d'yp'  y  dy^r 


dN  \c^  +  1)  0a::  +  I)  dy 


=  KC%^I-  " 


d_^ 

"T 


dz  )  to'  +  1  dN  \  dy  ^  dx 

ifo  0l/r 


y  dyfr  ,  z'  dyjr 
+ 


=0  dN  (V  -  1)  0a:  F-  (V  -  1)  dy  k\^  dz' )  +  1  dN  00 

_  di;  \  Kc^  df  _  I  0f  ] 

Ii/qF  0Z/  ^,^  +  ldcf)j . 

Now,  taking  0  as  given  by  (21),  we  have 


moreover,  since  by  (23) 


dyjr 

=  ‘®''' 


(36); 


T.'(>.)  =  (,^-1)«D-P„(.), 

where  the  symbol  D  stands  for  differentiation  with  respect  to  v,  therefore 
DT,/  (v)  =  -  ly^  {y  +  sv/{v^  ~  1)  .  D^P,  (v)  ]  . 

Also  at  the  surface  jx'  is  equal  to  /r. 

2  c  2 


(37). 
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Hence,  we  find 


^  J 


(1  -  /c")  Kh  =  ^0  (j^o)  +  b(^T_  (^^o)  +  1  {vq) 

X  (V  —  1)'^^  (/x) 


=  K% 


f/c-  -  1 


by  (15),  (16). 
Whence 


X  {vq^  —  1)"'^  {[Ji) 

h  =  C,/  CT  T,/"^  (ix) 


where 


■  (38), 


I;  ■'«  (-'«>  +  ^  G)  \  W  -  1)*"  •  (39) ; 


moreover,  tlie  equation  of  the  disturbed  surface  of  the  liquid  is 


C  —  ^0  +  ^^0  : . (4^)5 

where 

S^Q  z=  h~~  =  C/  CT"  tan  a/c^  (/x)  . (41), 


The  Boundary- Conditions. 

7.  Let  Vq  be  the  potential  of  a  mass  of  the  liquid  filling  the  spheroid 

. .  (18), 

and  let  v  be  the  potential  of  a  distribution  of  the  liquid  of  thickness  everywhere 

equal  to  h  over  the  surface  of  the  spheroid.  The  combination  of  these  two  distribu¬ 
tions  is  equivalent  to  the  liquid  mass  as  disturbed  by  the  waves,  so  that 

Vi=Vo-fr’ . (42). 

For  the  free  waves,  the  boundary-equation  (10)  requires  that 

\p  =  Yq-\-  V  \(jr'  {x^  y^)  +  const . (43), 

all  over  the  surface  (40). 

Now  xjj,  V,  8^q  are  small  quantities  of  the  first  order.  Hence,  expanding  by 
Taylor’s  theorem,  we  have  to  first  order 
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M  =  [^0  +  +  /)]  +  M  +  K  +  ?r)}  +  const.  (44), 

where  the  square  brackets  indicate  that  C  is  to  be  put  equal  to  Co¬ 
la  the  case  of  forced  tides  due  partly  to  small  disturbing  forces  whose  potential  at 
any  instant  is  Vg,  and  partly  to  periodic  variations  of  pressure  pg  over  the  surface  of 
the  liquid,  the  condition  at  the  surface  becomes 


W  =  [Vo  +  +  r)]  +  C-^]  +  ~  {Vo  +  +  f)] 


+ 


V, - 


ih 


+  const.  .  {44'"') 


Equating  to  zero  the  non-periodic  terms,  we  obtain  the  well-known  condition  for 
steady  motion 

[Vq  +  +  2/^)]  +  const.  =  0 . 

Here 


where 


Vq  =  const.  —  1  [  A  (a;2  -b  i/)  +  Cz^] 

A  =  477py  ^0  (4^  +  1)[ 


dC 


C  =  47rpy  Co  {Co^  +  l)|^  'jy^  =  dTrpy  cosec^  a  cot 


u  ^(C ) 

=  47rpy  cosec®  a  cot  a  tVtA 

h  (W 

S\  (Co)  1^ 

Pi  (Co)  J 


(46), 


(47), 


y  being  the  constant  of  gravitation,  and  being  put  equal  to  unity  if  the  density  is 
expressed  in  astronomical  units. 

From  (45)  we  have,  in  the  usual  manner, 

(A  -  0,2)  (^2  q.  ^2)  q_  c,2  =  {{x^  +  /)/(^,/  +  1)  +  zyCo^} 

whence 

c.®=A-C4//(Co^  +  l) 

=  4W&{<l"(£))V(&)-Pi(£o)2l(£j)}  •  •  ■ 


(«). 

(«). 


which  can  also  be  put  in  the  form 


=  47rpy  ^0  (1  (3^o^  +  1)  cot  ^ 

=  47rpy  Coqz  (Co) . 


fCol 


(50). 


From  (44'''),  (45)  the  boundary-condition  for  the  oscillations  is 


M  =  M  +  8^0  Af  { Vo  -f  W  (^^  -f  r)]  + 


Vo, 


P2 

pj 


.  .  (51). 
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Now,  by  (48) 


+  f)] 

—  _  irr  ^  ^  A  _i_  ^  ^ 

-  9.  64o  +  0r  02/  0^  04  +  1  V 

=  -  iirpy((„^  +  1)  Co* 4)  {(f„==  Af  +  f„‘} 

=  —  47rpy  (4  +  1)  (Co)  qi  (Co)  KJrs- 
=  —  47rpy  G/c^  cot  a  cosec^  a  .  (Co)  qi  (Co)  TA  (/«.) 


(52). 


8.  To  find  V, — Supj)ose  that  the  values  of  this  potential  inside  and  outside  the 
spheroid  respectively  are  given  by  the  formulae 

V,  =  (/r)  t:  (04/  (Co) . (28), 

Vq  =  {p)  u,!  (O/m;/  (Co) . (29). 

Since  Vq  are  due  to  a  surface  distribution  of  surface  density  ph,  therefore, 

-  4:77 pyh  = 


pVo" 

[841 

44 

0V4 

_0Nj 

_0N_ 

[8? 

8CJ 

—  B  (Co)  _  (Co)l 


^./(Co)  G^(Co)j 


and,  therefore,  at  the  surface,  by  (30) 

[v]  =  B,/e2‘“''^c‘^'^T,/®^  (/x) 

=  477-py  C/c^  cot  a  cosec'^  a  .  b/  (Co)  "^t/  (Co)  T4  (/r) 


(53). 


9.  Lastly,  in  the  forced  oscillations,  whatever  be  the  variable  conservative  bodily 
forces  or  surface  tractions  producing  them,  we  know  that  it  is  always  possible  to 
expand  the  value  of  [V3  —  2^2/p]  over  the  surface  of  the  spheroid  and  at  all  times  in  a 
series  of  the  form 


[  Y  -pm =k:-XTX:  "0  •>  T.'”  M  ''“v 


ZwKt 


■  (54). 


where  is  a  constant,  and  the  summations  may  extend  to  all  possible  values  of  k, 

but  only  to  integral  values  of  n  and  s.  The  effect  of  each  term  may  be  considered 
separately.  To  do  this,  let  us  take  the  case  when  there  is  a  single  term  only,  fie.,  take 

[Vs  -  pojp]  =  .44  (/x)  e-*e"-^^ . (55). 
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In  the  waves  produced  the  values  of  n,  s,  k  will  be  the  same. 

Substituting  from  (21),  (52),  (53),  (55)  in  (51),  we  obtain 

+  47rpy  cot  a  cosec^  a  (^,j)  q^Q  —  C(Co)  (Co) } 

=  .  .  (56). 

This  equation,  combined  with  (39),  suffices  to  determine  the  unknown  constants 
A,/,  C,/  in  terms  of  the  known  coefficient  and  thus  the  amplitude  of  the  forced 

oscillation  is  determined  in  terms  of  that  of  the  disturbing  force. 

10.  The  most  interesting  point  is  to  determine  C/,  in  order  to  find  the  height  of 
the  corrugations  on  the  surface.  This  plan  has,  moreover,  the  advantage  that,  in 
considering  the  effect  of  several  disturbing  forces  of  different  periods,  we  may  add 
together  the  elevations  [h)  due  to  the  separate  forces,  whereas,  in  determining  the 
value  of  ifj,  the  terms  having  different  periods  are  referred  to  different  auxiliary 
systems.  Substituting  for  A/  in  terms  of  C./  from  (39)  in  (56),  and  writing,  for 


brevity, 

K/  (Co)  =  Pi  (Co)  qi  (Co)  -  4"  (Co)  (Co) . (57), 

M  =  cot  a  cosec®  a  =  mass  of  spheroid  .  .  .  (58), 


we  find,  after  several  reductions,  the  required  equation  for  C/,  viz., 


(  Co)  (^o) 


s  D*P„  (vo)l{/c  —  1)  +  sec^ «  .  j'oD^  +  ffy, 


=  W; 


(n,  k) 


(59), 


in  which  it  must  be  remembered  that 


K  cos  a 

~  V"  (1  -  sill®  a) 


(15). 


The  Period-Equations  for  Free  Waves. 


11.  If  the  oscillations  of  the  liquid  be  free,  we  must  put  W‘(„_  equal  to  zero  in  (59), 
and  we  therefore  obtain 


K/  (cot  a) 


4:Kq^  (cot  «)  D*P„  (i/q) 

sD^P,j(i'g)/(/c  — 1)  +  sec^  a  .  D^'+iIb  (i^o)/« 


(60), 


which,  together  with  (15),  determines  the  admissible  values  of  k  and  Vq.  In  reducing 
(60)  to  a  rational  algebraic  equation  for  k  we  must  distinguish  three  cases. 

I.  Let  s  =  0,  and  let  n  be  even.  Then  we  know  that  P„  (^^q)  and  DP„  (vq)  contain 
only  even  and  odd  powers  of  Vq  respectively,  and,  therefore,  that  DP„  {vq)  is  divisible 
by  Vq.  Multiplying  (60)  by  J)Vn(v,^lvQ,  we  find  (writing  K„  for  K„°) 

K„  (cot  a)  DP„  {vq)Ivq  —  Aq^  (cot  a)  (l  —  k®  sin®  a)  P„  (vq)  =0  .  .  (61). 
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Expanding  P„  (pq)  and  DP„  (j^qV^o  powers  of  V(^,  substituting  for  Vq  by  means  of  (1  5), 
and  multiplying  the  resulting  equation  throughout  by  (1  —  siiP  we  find 

4^3  (cot  a)  I  {k  cos  a)”  —  ^  cos  a)"~“  (l  —  siiP  a)  +  •  •  •  | 

—  nK;i  (cot  a)  I  (k  cos  (9n^ — 1)^  a)”~^  (l  —  siiP  a)  +  .  .  .  | 

=  0  .  .  (62). 

This  is  a  rational  algebraic  equation  in  k  of  the  degree,  involving  only  even 
powers  of  k.  It  is,  therefore,  satisfied  by  n  values  of  k  occurring  in  pairs  corre¬ 
sponding  to  values  of  k^. 

II.  Let  5=0,  but  let  n  be  odd.  Then  DP,i(i/Q)  is  not  divisible  by  Pq.  Hence,  we 
mast  multiply  the  equation  (60)  throughout  by  DP,^  (pq)  and  obtain 

K„  (cot  a)  DP„  {pq)  —  4(22  (cot  a.){l  —  siiP  ex)  p^  (pq)  =  0  .  .  (63). 


If  this  be  developed  in  the  same  manner  as  in  the  preceding  case,  we  shall  obtain 
422  (cot  a)|(K:  cos  ^  {«  cos  a)"”^  (l  ~  /c'  siiPa)  -|-  .  .  .  | 

—  (cot  (3t)  I  [k  cos  a)"“^  —  ^^^9  1)"'^  a)'^“^  (1  —  /c"  sin~  a)  .  | 

=  0  .  .  (64). 

This  is  satisfied  by  ?(--{-  1  values  of  k,  but,  as  before,  the  positive  and  negative  roots 
are  numerically  equal,  so  that  there  will  only  be  -Kw  +  1)  different  values  of  /cv 
III.  Let  s  be  difterent  from  zero.  Multiplying  by  the  expression 

sD^P„  (pq)  -f  sec^  ex.{K  —  l  )/k  .  i^o), 

we  find 


sec"  a  K/  (cot  a)  (k  —  l)/'^  •  (^o) 

•—  [422  (cot  a)  k{k  —  1)  —  6'K,/  (cot  a)}  D®P„  (pq)  =  0 


which  reduces  to  the  following  equation  in  k  — 

{  422  (cot  ex')  k{k  —  1 )  —  sK,/  (cot  a) }  I  (k  cos  a)" 

■ - 2  .  {2n  -  1) - HI  -  K-  sim  a)  -f 

—  {n  —  6’)  sec  ex  .  K,/  (cot  a)  (/c  —  1)  j  (/<  cos  a)"“*“^ 


(n  —  s  —  l)(n  —  s  —  2)  ,  , 

- 2  _  ^2n.  -  1) -  ('^  '  ( 1  —  Sin-  a)  -f 


=  0 


(65), 


(66). 
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This  equation  is  of  the  degree  n  —  5  +  2,  and  involves  both  odd  and  even  powers 
of  K.  It  therefore  has  n  —  s  +  2  roots,  but  in  the  present  case  these  I’oots  do  not 
occur  in  pairs  of  equal  and  opposite  values. 

Equations  (62),  (64),  (66)  are  the  period-equations  of  the  various  free  harmonic 
waves  or  oscillations  of  the  liquid  spheroid.  Their  roots  depend  on  the  value  of  a  or 
the  eccentricity  (sin  a)  alone.  The  periods  of  the  waves  are  the  corresponding  values 
of  Tr/oiK  and  depend  also  on  w. 


Nature  of  the  Real  Oscillations  and  Waves. 

12.  The  periodic  movements  determined  by  zonal  harmonics  (s  =  0)  and  those 
determined  by  tesseral  harmonics  differ  in  character  considerably. 

The  former  are  symmetrical  about  the  axis.  Taking  the  solution 

i/j  =  A«P„  (f)  P,,  (ly) 

h  =  Q,^  P„  W) 

another  solution  got  by  changing  the  sign  of  k  is  given  by 

i/;  =  A„P,,  (f)  P„  (r)  e  “ 
h  =  C„  ter  P„  (/X.)  e  ~  '‘“''h 

Compounding  these,  we  get  the  real  motions  of  the  liquid  determined  by 

xfj  =  A„P,i  (f)  P„  (v)  sin  (2ojKt  —  €;,) 
h  =  (fi)  sin  (2coKt  —  e„) 

€«  being  any  constant. 

These  are  stationary  oscillations  of  the  liquid  about  the  spheroidal  form.  By  what 
has  already  been  shown,  there  are  either  \n  or  ^  [n  +  1)  such  free  oscillatious,  accord¬ 
ing  as  n  is  even  or  odd.  In  all  of  these  oscillations  the  expression  for  h  is  of  the  same 
form,  that  is,  the  corrugations  produced  on  the  surface  are  similar  in  each.  But  this 
will  not  be  the  case  with  the  values  of  xfj,  because  the  auxiliary  systems  of  spheroidal 
coordinates  to  which  they  are  referred  are  different  for  each  different  value  of  k. 
Thus,  the  motions  of  the  fluid  particles  in  the  interior  of  the  mass  are  different  for 
each  of  the  oscillations. 

13.  Taking  next  the  case  when  s  is  different  from  zero,  let  us  change  the  sign  of 
\/  —  1  everyivhere  that  it  occurs  in  our  investigations.  The  results  will  still  hold 
good  when  this  is  done.  Hence,  for  every  root  of  (66)  we  get  two  solutions  of  the 
equations  of  oscillation,  giving  respectively 
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and  also 


xjj  =  {fji')  T.J  (v)  + 

A  =  C/cttT/>  (u)  e-‘G^  +  2-« 


which  combine  to  give  the  real  motions 


xjj  =  A;/  T,/®)  (/a')  T,/  {v)  sin  {s(j)  +  ’2o)Kt  —  C;/) 
h  =  C/  CT  (/a)  sin  {s(ji  +  2o}Kt  —  e/) 


(G8). 


These  represent  a  system  of  waves  travelling  round  the  axis  of  the  spheroid  with 
relative  angular  velocity  —  2(okIs.  But  it  must  be  remembered  that  the  coordinate 
axes  to  which  we  have  referred  the  wave  motion  are  themselves  rotating  with  angular 
velocity  oj.  Hence,  the  angular  velocity  of  the  waves  in  space  is  &»  (1  —  2k/s). 


According  to  our  convention,  positive  values  of  k  give  waves  rotating  more  slowly  than 
the  liquid,  and  vice  versd. 

There  are  n  —  5+2  such  waves  determmed  by  harmonics  of  degree  n  and  rank  s, 
and,  since  the  values  of  k  are  not  equal  and  opposite  in  pairs,  these  waves  do  not 
combing  into  oscillations  fixed  relatively  to  the  moving  axes.  As  in  the  symmetrical 
oscillations,  the  form  of  the  corrugations  is  the  same  for  all  the  waves,  but  the  motion 
of  the  fluid  particles  different  in  each. 

14.  If  K^,  k.2,  .  .  .,  /c«_i  +  3  be  the  roots  of  (66),  it  is  obvious  that 


(69). 


"b  ^.3  "b  •  •  •  +  k,i_s  +  2  —  1 


Hence,  the  mean  relative  angular  velocity  of  all  the  different  harmonic  waves  of 
degree  n  and  rank  s  is 


(71  —  s  +  2)  s’ 


in  direction  opposite  to  that  of  rotation  of  the  liquid,  whilst  their  mean  actual  angular 
velocity  in  space  is 


Analysis  of  the  Period- Equations. 


15.  From  Poincare’s  investigations  it  appears  that  the  spheroid  will  be  secularly 
stable,  even  if  the  liquid  be  viscous,  provided  that  the  coefficients  which  are  here 
denoted  by  K,/  (  ^q)  or 


Ihii)  (h{i)  -  {i)  Unfl) 
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are  positive 
we  have 


for  all  values  of  n  greater  than  unity."  From  our  equations  (49),  (50) 


—  (C)  =  ^3  {Vj  =  co7(47rpy  i), 


SO  that  K7  {i)  is  essentially  negative  and  q=i{C)  positive. 

In  accordance  with  this,  we  shall  now  show  that,  if  K/  [Q  q.^  (1)  be  both  positive, 
the  roots  of  the  period-equation  for  harmonic  waves  of  degree  n  and  rank  s  are  all 
real,  and  we  shall  find  their  situations. 

In  the  first  place,  let  us  suppose  s  is  different  from  zero.  The  period-ec[uation  (66), 
as  it  stands,  may  be  written 

F(k)  =  0, 

where 


NF  {k)  =  siiF  {4(7,  (cot  «)  k  (/c  ~  1)  -  (cot  a)]  {v) 

—  (1  —  K®  siiF  «)("-«- 1V2  gg(3  ot  K,/  (cot  a)  (k  —  1)  [v), 


if  we  write  for  brevity 


N  =  (2?i)  !/{2''n  \  [n  —  s)]} 


We  know  that  the  roots  of  the  equation 

DT4v)  =  0  . . (70) 

are  all  real,  and  lie  between  -f-  1  and  —  1  ;  also  they  are  separated  by  those  of 

D^-iP4v)=:0. 

Let  Ki,  /C3,  .  .  .  K„_s  be  the  values  of  k  (taken  in  descending  order  of  magnitude)  corre¬ 
sponding  to  the  roots  of  (70).  These  values  of  k  all  lie  between  +  1  and  —  1,  also  v 
decreases  as  k  decreases.  Moreover,  if  k  is  put  in  turn  equal  to  k,,  .  .  .  the 
corresponding  values  of  D’'^^P„(t')  are  alternately  positive  and  negative. 

We  are  now  in  a  position  to  trace  the  changes  in  F  (k)  as  k  decreases  from  +  co 
to  —  00 , 

When  K  is  greater  than  cosec  a,  v  is  imaginary.  But  F  (/c)  when  written  in  the 
form  of  the  left-hand  side  of  (66)  is  obviously  real ;  also  when  k  —  od  the  sign  of  F  (k) 
is  that  of  the  coefficient  of  It  is  iherefove  positive. 

When  K  passes  through  the  value  cosec  a,  v  becomes  infinite  and  then  becomes  real, 
but  F  (k)  does  not  in  general  change  sign. 

When  k:  =  1,  z/  =  1,  D^P,^^')  is  positive,  and  F  (k)  is  negative. 

When  K  =  Ki,  F  («:)  is  positive. 

When  K  =  Kg,  F  (k)  is  negative. 

When  K  =  Kg,  F  (k)  is  positive. 

and  so  on  ;  thus,  when  k  =  F  {k)  has  the  same  sign  as  _  1, 

*  We  shall  in  fufcnre  leave  out  the  suffixes  in  and  using  e  to  denote  the  sizrface  values,  as  these 
surface  values  alone  occur  in  the  remainder  of  our  investigations. 

2  D  2 


204  '  MR.  G.  H.  BRYAN  ON  THE  WAVES  ON  A  ROTATING 

In  general  F  («•)  does  not  change  sign  when  k  =  —  cosec  a,  hut  when  k  =  —  oo, 
F  (k)  has  the  same  sign  as  — 

Hence,  the  equation  F  (k)  =  0  must  have  one  real  root  between  each  of  the  follow¬ 
ing  values  : — 

00,  1,  K^,  Ko,  K^,  .  .  .  K„_s,  —  00. 

Thus,  if  K/(^)  is  positive,  all  the  roots  of  (66)  are  real.  Let  us  now^  examine  what 
haj^pens  when  K/  (^)  vanishes  and  l^ecomes  negative.  Poincare  proves*  that,  if 
t,t  {V)  is  divisible  by  I,  the  equation 

K/(C)  =  0 

has  no  real  root ;  we  must,  therefore,  have  n  —  s  even,  so  that  bf  [t)  is  not  divisible 

by  I 

When  Ky(^)  vanishes,  the  equation 

F(k)  =  0 

reduces  to 

k:  (/c  —  1)  (1  —  sird  {K:cosa(l  —  K®sin®a)~-]  =  0, 

of  which  the  roots  are 

L  ^2’  ■  ■  ■’  ^11— S' 

Since  n  —  s  is  even,  the  equation 

D^P4^)  =  0 

has  not  zero  for  one  of  its  roots.  Thus,  the  roots  of  the  period-equation  are  all  real 
and  different.  Therefore,  when  K,/  [Q  changes  sign  and  becomes  negative,  the  period- 
equation  must,  at  any  rate  at  first,  continue  to  have  all  its  roots  real.  If  it  have  a 
pair  of  complex  roots,  the  ratio  of  K,/  (Q  :  cj^  {Q  must  not  only  be  negative,  but 
numerically  greater  than  some  Jlnite  limit. 

16.  The  roots  of  the  period-equations  for  the  oscillations  that  are  symmetrical 
about  the  axis  of  the  spheroid  are  to  be  separated  in  exactly  the  same  way.  It  will 
be  sufficient  to  state  the  results  here.  We  suppose  k^,  k^,  are  the  n  values 

of  K  which  make 

P«  {v)  =  Pn  {k  cos  a(l  —  /F  siiF  =  0  ....  (71). 

Let  n  be  odd.  One  of  the  above  values,  viz.,  k^{h  +  i)  will  be  zero,  whilst  =  —  k-^, 
=  —  K^,  and  so  on.  Also,  the  ratio  K„  (^)  must  be  jiositive.  It  will  be 

found  that  the  period-equation  (64)  has  one  root  between  each  of  the  following 
values  of  k  ; 

K-2’  •  •  •>  bj  +  •  •  ’’  °°  • 


*  ‘  Acta  Mathematica,’  vot  7,  p.  826. 
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If  n  be  even,  the  least  positive  and  negative  roots  of  (71)  are  and  k,^i  +  i,  also 
=  —  Kx,i-  If  the  ratio  K;,  (Q  :  he  positive,  we  find  that  the  positive  roots 

of  the  period-equation  (62)  are  situated  between  the  following  values  ; — 

00,  K^,  K.2,  .  .  K^n, 

while  the  negative  ones  which  are  equal  and  opjDosite  to  them  are  situated  in  the 
intervals  between 

—  oo,  K,i,  + 

there  bemg  no  roots  between  and  ki>i  + 1. 

When  {Q  vanishes,  the  roots  are  the  7i  quantities 

^1’ 

none  of  which  is  equal  to  zero.  If  the  ratio  K„  {Q  :  q^iC)  now  become  negative,  the 
roots  of  (62)  will  at  first  continue  to  be  real,  being  situated  between  the  values 

Ki,  K^,  .  .  0,  .  .  •,  K,i. 

This  will  be  the  case  until  we  arrive  at  a  value  of  ^  for  which  the  period-equation 
has  a  pair  of  equal  roots,  each  equal  to  zero.  When  this  is  so,  we  have 

(^) _ -j.  ^  rP„  (v)  _ _ 1 

=  n{n  +  l)> 

whence, 

or 

Pi  (0  qi  iO  - Pn (0  (0  = 

When  the  ratio  K„  {jQ)  '•  ~  Pi  iC)  or  K,^  (^)  :  (^)  becomes  greater  than  4/{^^  {n  -f  1)}, 

two  of  the  roots  of  the  period-equation  will  become  imaginary. 

In  evei'y  case  there  must  be  at  least  one  jDositive  root  between  each  of  the  quantities 

^2)  •  •  •} 

and  corresponding  negative  roots,  so  that  under  no  circumstances  can  equation  (62) 
have  more  than  one  pair  of  imaginary  roots. 


Numerical  Solutions  of  the  Period- Equations. 

17.  For  a  spheroid  of  given  eccentricity,  a,  and  therefore  are  known.  Now,  the 
functions  (C),  tp  (^)  can  be  expanded  in  finite  terms  of  {  in  exactly  the  same  way 
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as  the  ordinary  spherical  harmonics,  while  qn{C),  {i)  can  be  expressed  in  finite 
terms  of  cot~^  ^  i.e.,  of  a  ;  hence,  the  function  can  be  calculated  for  any 

value  of  By  Horner’s  method  we  may  then  approximate  to  the  values  of  the 
roots  of  the  equation  in  k  in  the  simpler  cases.  The  j^eriods  of  the  waves  are  the 
corresponding  values  of  tt/zcw,  ^vhile  <y  is  expressed  in  terms  of  p  by  equation  (50).t 
To  obtain  some  idea  of  the  relative  frequencies  of  the  various  waves,  I  have 
tabulated  the  values  of  k  thus  calculated  for  harmonics  of  the  second,  third,  and 
fourth  degrees  for  a  spheroid  in  which  ^  —  1  or  a  =  77/4,  the  eccentricity  being,  there¬ 
fore,  \  ^2.  The  results  are  embodied  in  the  accompanying  Table.  As  already 
stated,  the  positive  roots  correspond  to  waves  rotating  more  slowly  than  the  liquid,  or 
relatively  in  the  direction  opposite  to  that  of  rotation  of  the  mass,  while  those  having 
the  double  sign  correspond  to  symmetrical  oscillations  of  the  liquid. 


Tables  of  the  Values  of 


K 


for  Waves  on  a  Spheroid  whose  Eccentricity 


.  TT 

sm  — 
4 


2 


Rank  of  Harmonic. 

I.  Harmonics  of  the  Second  Degree. 

2  (sectorial) 

1-2126108, 

-  0-2126108. 

1 

1-280776, 

-  0-780776. 

0  (zonal) 

+  1-128465. 

Oscillatory  waves 

11.  Harmonics  of  the  Third  Degree. 

3  (sectorial) 

1-569830, 

-  0-569830. 

2 

1-677377, 

0-423263, 

-  1-100640. 

1 

1-6008928, 

0-8267846, 

-  0-0733654,  -  1-3543120. 

0  (zonal) 
Oscillatory  waves 

+  1-5178954, 

+  0-5122368. 

III.  Harmonics  of  the  Fourth  Degree. 

4  (sectorial) 

1-852560, 

-  0-852560. 

3 

1-806374, 

0-366650, 

-  1-173024. 

2 

1-921878, 

0-730910, 

-  0-107365,  -  1-545423. 

1 

1-924662, 

0-890193, 

0-585670,  -  0-654623,  -  1-745902. 

0  (zonal) 

+  1-994751, 

+  0-685895. 

I  find  that  the  period  of  the  symmetrical  or  zonal  harmonic  oscillation  of  the 
second  degree  (in  which  the  surface  remains  spheroidal)  is,  in  this  spheroid,  0 ’8 599258 

*  “  On  the  Expression  of  Spherical  Harmonics  of  the  Second  Kind  in  a  Finite  Form,”  ‘  Cambridge 
Philosophical  Proceedings,’  December,  1888. 
t  See  Thomson  and  Tait’s  ‘  Natural  Philosophy,’  yol.  2,  §  772. 
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of  the  corresponding  time  of  oscillation  in  a  non-rotating'  spherical  mass  of  liquid  of 
the  same  density. 

Sectorial  Harmonic  Waves. 

18.  When  5  =  u,  (a)  is  numerical,  and  D'’ (t-)  is  zero;  thus,  the  period- 


equation  reduces  to 

4/c  (k  —  1)  =  {^)/(/3  {Q  . (73), 

of  which  the  roots  are  given  by 

=  i  [1  ±  ^/(l  +  ?2'K/(C)/2'3  (^) )} . (74). 

The  condition  that  these  roots  may  be  real  is  that 

23(0  (^)  >  0  . (^5)5 

that  is 


p,  (i)  2,  (i)  - 1,!‘  (0  %!■  (0  -  \  (0  ?I  (0  -  (C)  “1'  (0 } 

must  be  positive. 

These  results  have  been  obtained  previously  by  Poincare  in  the  special  case  in 
which  n  =  2,  but  in  his  investigation  an  extraneous  factor  has  been  introduced  into 
the  period-equation,  giving  a  third  root  [k  —  l)  which  does  not  properly  belong  to  it. 

The  expression  for  xjj  in  (21)  is  here  projDortional  to 

(1  _  + 

that  is,  in  Cartesian  coordinates,  to 

{x  +  ty)" 

and  is  independent  of  2. 

Thus,  the  motion  of  the  liquid  is  “  two  dimensional,”  and  takes  place  in  planes 
parallel  to  the  equatorial  plane  of  the  spheroid.  By  the  laws  of  vortex  motion  the 
molecular  rotation  or  spin  of  the  actual  motion  of  the  liquid  is  therefore  everywhere 
constant  and  equal  to  w,  being  that  due  to  the  rotation  of  the  liquid.  In  other  wmrds, 
the  wave  motion  of  the  liquid  relative  to  the  rotating  axes  is  irrotational. 


Small  Free  Precession  of  the  Sj^heroicl. 

19.  Another  case  of  some  interest  is  when  the  harmonics  determining  the  small 
periodic  relative  motions  are  of  the  second  degree  and  first  rank.  Putting  7i=  2,  5=  1, 
the  period-equation  (66)  reduces  to 

4/c^  (k  —  1)  (cot  a)  —  [(/c  —  1)  sec"  a  k]  (cot  a)  =  0  .  .  (76). 
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Now,  whatever  the  value  of  a  maybe,  ^  is  always  a  root  of  this  equation.  For, 
if  we  put  K  =  ^  in  the  left-hand  side,  it  becomes 


-  i  {(^'  +  (0  (0  V  (0  -  ^2'  (0  V  (O/ri 


(f3  +  1)  J  ^2  +  1 


ciK 


^  0 


(77), 


as  was  to  be  proved. 

Substituting  from  the  relation  just  found  in  (76),  the  period-equation  becomes 


(4k:®  —  d/c®  -h  k)  taiF  a  —  {2k  —  l)  sec®  a  =  0, 


or,  dividing  throughout  by  (2k:  —  l)tan®a,  the  other  two  roots  are  given  by 

2k:®  —■  k  —  cosec®  a  =  0, 

whence 

X  =  =b  v/(l  +  8  cosec®  a) } 

-=i{l±  v/(9  +  8H]  . (78). 

The  expression  for  is  proportional  to 


that  is,  to 


(1  —  p,'®)*  p'(^^  ~  1)'^  (^  +  2o}Kt  —  e). 


z  [x  sin  {2coKt  —  e)  -h  y  cos  {2o}Kt  —  e)}, 


while  the  height  of  the  displacement  of  the  surface  is  proportional  to 

trr  «  {a:  sin  {2o}Kt  —  e)  y  cos  {2o)Kt  —  e)}. 

Ptememl:)ering  that  this  displacement  is  so  small  that  its  square  may  be  neglected, 
it  can  be  readily  shown  by  the  usual  methods  of  analytical  geometry  that,  if,  as  is  here 
suiiposed,  the  ellipticity  of  the  spheroid  be  finite,  the  displaced  surface  is  a  spheroid 
of  the  same  form  and  dimensions  as  the  original  sphei’oid,  and  can  be  obtained  by 
turning  the  latter  through  a  small  angle  about  the  line 

X  sin  {2o)Kt  —  y  cos  {2a)Kt  —  e)  =  0,  z  =  0. 

This  will,  however,  no  longer  be  true  if  the  ellipticity  of  the  spheroid  is  a  small 
quantity  comparable  with  the  height  of  the  small  displacement,  or  the  surface  is 
spherical  or  nearly  spherical.  In  such  cases  it  will  be  found  that  the  displaced  surface 
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is  an  ellipsoid,  differing  in  form  from  the  original  spheroid  by  small  quantities  of  the 
first  order,  whose  axes  make  finite,  not  small,  angles  with  those  of  the  spheroid. 

Suppose  the  liquid  spheroid  is  rotating  steadily  about  its  axis  of  figure  with  angular 
velocity  co,  and  that  this  axis  does  not  quite  coincide  with  our  fixed  axis  of  z,  but  is 
inclined  to  it  at  a  small  angle,  while  the  axes  of  x,  y  rotate  about  the  axis  of  z  with 
angular  velocity  w.  The  coordinates  of  the  fluid  particles  will  now  no  longer  be 
constant,  but  will  undergo  small  periodic  changes.  In  the  time  27r/(y  both  the  fluid 
particles  and  the  axes  will  come  round  to  their  original  positions ;  thus,  the  period  of 
the  a'p'parent  relative  oscillations  is  27r/&j,  although  the  liquid  is  in  reality  rotating 
steadily.  This  accounts  for  the  root  k  =  ^,  which  occurs  in  the  period-equation,  a 
result  which  may  be  completely  verified  by  rigorous  analytical  methods, 

The  movements  corresponding  to  the  other  two  roots  are  somewhat  similar  to 
precession,  the  axis  of  figure  of  the  spheroid  turning  about  the  axis  of  z,  to  which  it  is 
inclined  at  a  small  angle. 


Stability  of  the  Spheroid. 

20.  We  have  already  alluded  to  Poincare’s  investigations  of  the  condition  that 
the  spheroid,  if  viscous,  may  be  secularly  stable,  which  requires  that  the  energy 
of  the  system  for  the  given  angular  momentum  must  be  a  minimum  in  the  spheroidal 
form.  The  greatest  eccentricity  corresponds  to  the  least  value  of  I,  which  causes  any 
one  of  the  coefficients  K;/(^)  to  vanish,  and  this  is  shown  to  be  that  given  by 
Va)  =  o,  whence,  as  in  Thomson  and  Tait  {§  772), 

1/^  =  tan  a  =/=  1-39457. 

If  the  liquid  be  perfectly  invdscid,  the  criteria  are  very  different.  So  long  as  the 
roots  of  the  period-equations  for  the  various  waves  and  oscillations  are  all  real,  the 
spheroid  cannot  be  unstable.  It  will,  however,  become  unstable  if  for  any  harmonic 
the  equation  in  k  has  a  pair  of  complex  or  imaginary  roots.  For,  calling  these  roots 
I  i  niL,  we  get  the  possible  surface  displacements 

h  = 

h  =  C,/  T7T  T/^  {f) 

compounding  into  the  displacement 

h  =  C/  CT  T,/“^  (/x)  cos  {s(j)  +  2(Dlt)  6-“"-'', 
which  increases  indefinitely  with  the  time. 

Let  us  imagine  that  our  spheroid  is  subject  to  constraints  such  as  to  freely  allow  of 
its  surface  undergoing  harmonic  displacements  of  degree  n  and.  rank  s,  but  which 
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allow  of  no  other  displacements  (such  constraints  are,  of  course,  purely  theoretical). 
The  spheroid,  if  at  all  viscous,  will  be  secularly  stable  or  unstable  according  as 

K,/(C)  >0  or  <  0, 

and  we  have  seen  that  the  latter  condition  can  only  hold  if  n  —  s  be  even,  that  is,  if 
the  displacement  be  one  symmetrical  with  respect  to  the  equatorial  plane,  The 
critical  form  is  that  in  which 

K,/(0  -  0. 

But  since,  when  K,/{^)  changes  sign,  the  roots  of  the  period-equation  at  first 
continue  real,  the  limits  of  eccentricity  for  wdiich  the  perfect  spheroid  is  “  ordinarily  ” 
stable  are  in  every  case  wider  than  those  consistent  with  secular  stability  if  the  liquid 
be  viscid.  The  critical  form  is  determined  by  the  condition  that  the  period-equation 
must  have  a  pair  of  equal  roots. 

In  my  paper  on  “  The  Waves  on  a  Viscous  Rotating  Cylinder  1  have  endeavoured 
to  further  elucidate  the  difference  between  “  ordinary  ”  and  “  secular  ”  stability. 
Assuming  the  displacement  from  relative  equilibrium  to  be  proportional  to 
is  always  complex  for  viscous  liquid,  and  the  condition  that  the  disturbance  may 
not  increase  with  the  time  is  that  the  real  part  of  must  be  positive.  Both 
real  and  imaginary  parts  change  sign  when  =  0,  the  corrugations  becoming 
relatively  fixed  and  the  liquid  figure  becoming  a  form  of  “bifurcation.”  Relative 
equilibrium  is  then  critical.  But,  if  there  be  no  viscosity,  may  be  purely 
imaginary,  as  in  the  present  case,  when  k  is  real,  and  the  waves  will  neither 
increase  nor  diminish  in  amplitude  with  the  time ;  thus,  a  change  in’  the  sign  of 
one  of  the  roots  of  the  period-equation  merely  implies  a  change  in  the  relative 
direction  of  the  wave. 

Moreover,  it  appears  that  the  criteria  of  ordinary  and  secular  stability  will  be 
different  only  if  the  angular  velocities  of  the  waves  be  different  in  the  two  opposite 
directions,  and  this  can  only  be  the  case  if  the  liquid  be  rotating. 

Reverting  to  the  perfect  liquid  spheroid,  the  determination  of  the  greatest 
eccentricity  consistent  with  ordinary  stability  involves  the  question,  if  ^  be  gradu¬ 
ally  diminished,  what  is  the  harmonic  displacement  for  which  the  period-equation  of 
the  waves  first  commences  to  have  complex  roots  ?  It  appears  probable  that  this 
happens  for  =  2,  s  =  2.  With  this  assumption,  we  see,  by  (75),  that  the  critical 
value  of  ^  is  given  by  the  equation 

2  {p.  (i)qAO-  (1)  ’V  (01  +  (0  A  (0  -  ft  (0  (0  = « ; 

this  leads  to 

(0^4  _P  8^3  _{_  1)  cot-1  i  -  (3^3  ^  ^  0, 

*  ‘  Cambi’idge  Philosophical  Proceedings,’  1888. 
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whence  I  find  by  trial  and  error  that 

1/^  =  tan  a  =  /  =  3-1414567  .... 

This  result  agrees  with  that  found  by  Riemann,  who  treated  the  problem  as  a  special 
case  of  the  general  motion  of  a  liquid  ellipsoid. 

It  does  not,  however,  seem  possible  to  justify  the  above  assumption  as  to  the  nature 
of  the  displacements  by  a  perfectly  general  rigorous  proof.  The  condition  that  the 
period-equation  should  have  a  pair  of  equal  roots  is  far  too  complicated  to  allow 
of  this  point  being  fully  proved  in  the  way  that  Poincahe  has  done  for  secular 
stability.  It  is  certain  that  the  spheroid  will  be  unstable  for  all  values  of  tan  a 
greater  than  3-1414567  ;  it  is  probable,  but  not  certain,  that  it  will  be  stable  for  all 
values  less  than  this  limit. 

Spheroids  of  Small  Ellipticity. 

21.  If  the  eccentricity  of  the  spheroid,  and,  therefore  also,  its  angular  velocity,  be 
small,  the  ]3eriod-equations  for  the  waves  are  much  modified.  The  value  of  ^  will 
become  very  great,  and  we  shall  suppose  it  to  be  so  great  that  is  a  small  Cjuantity 
that  can  be  neglected.  Since  a  is  small,  we  may  put  cos  a  =  1,  sin  ct  =  a  =  If. 

The  function  if)  is  proportional  to  since  the  other  terms  in  it  involve  only 
and  lower  powers  of  C  Hence,  to  this  approximation. 


In  {Vj  f)  —  C'"  [  +  3  —  2n  +  1 


and 


K/(o  =  rM^- 


moreover. 


_  2(n-l) 

2?i  +  1/  3  (2n  +  1)  ^ 

whence,  as  in  Thomson  and  Tait  (§771), 

.  .  .  . 


(79) , 

(80) ; 

(81), 

(82). 


Firstly,  suppose  that  the  values  of  k  remain  finite  in  the  limit.  Then  v  —  k 
ultimately,  and,  since  i®  negligible  in  comparison  with  K/(^),  equation  (65)  gives 


6-HP„(k)  +  {k-  1)D*  +  iP4k)  =  0 . (83), 

having  n  ~  s  real  roots  between  1  and  —  1. 

In  the  case  of  the  oscillations  symmetrical  about  the  axis  {s  =  0)  the  equation  for 
K  is  ultimately 

DP„  (k)  =  0  or  ^  DP„(k')  =  0  . (84), 

according  as  n  is  odd  or  even. 
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The  frequencies  of  these  waves  or  oscillations  are  proportional  to  the  angular 
velocity  of  the  liquid.  As  the'  latter  is  diminished  without  limit  they  become 
relatively  unimportant,  and  finally  cease  to  exist,  for  the  limiting  case  of  a  mass  of 
liquid  without  rotation  oscillating  about  the  spherical  form. 

Secondly,  suppose  the  periods  of  the  waves  remain  finite  in  the  limit.  Put  2o)k  =  X, 
so  that  27r/X  is  the  period.  Since  X  remains  finite,  k  will  increase  without  limit  as  w 
diminishes,  and,  therefore,  equation  (66)  gives,  to  the  first  order  of  small  quantities, 


2^-^\{\-2co)  2(n-l)^  2(71-1),  .X-2(o 

~15  3  (271  +  1)  ^  ~  3  (271  +  1)  \  ~ 


whence,  by  (82), 


X  (X  —  2o))  = 


871  (71  —  1) 
2,(271  +  1) 


1 


(85). 


If  we  put  w  =  0,  we  get 


X3  = 


871  (71  —  1) 

3  (2»  +  1) 


(86). 


the  well-known  result  for  the  oscillations  of  a  liquid  sphere.  Denoting  by  the 
expression 

8  71(71  —  1) 

3  (2n  +  1) 

we  find 

X3  -  =  I"  f  X3  -  , 

whence,  substituting  X  =  i  A  in  the  small  terms,  we  get 


X=±A-f-w . (87). 

71 


Remembering  the  expressions  found  in  §  13  for  the  relative  and  actual  angular 
velocities  of  the  corresponding  waves,  this  result  may  be  stated  as  follows  : — The  effect 
of  communicating  a  small  angular  velocity  w  to  a  spherical  mass  of  gravitating  liquid 
will  be  to  add  an  angular  velocity  (n  —  1)  co/n  to  the  angular  velocities  of  all  the  free 
waves  which  are  determined  by  harmonics  of  degree  n. 

The  symmetrical  oscillations  vdll  be  unaffected  by  rotation  to  this  order  of  approxi¬ 
mation.  If  we  proceed  to  a  higher  approximation  by  taking  into  account  small 
quantities  of  the  second  order,  the  equations  become  much  more  complicated.  But,  for 
a  spheroid  similar  to  the  Earth,  the  above  approximation  would  be  practically  sufficient. 
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Forced  Tides. 


22.  We  now  revert  to  the  applications  of  the  methods  of  this  paper  to  the  investiga¬ 
tion  of  the  tides  produced  on  the  surface  of  the  spheroid  by  the  influence  of  periodic 
variations  of  pressure  over  the  surface  of  the  liquid,  or  by  the  attractions  of  disturbing 
bodies  in  the  neighbourhood  of  the  spheroid. 

In  this  connexion,  the  equations  found  in  §§  9,  10  will  be  required,  viz.,  if  at  the 
surface 

^3  —Ihip  =  (/r)  sin  {s(^  +  '2o)Kt  —  e„/)  .  .  .  (88), 

and 

h  =  (/r)  sin  {s^  +  2o)Kt  —  e„y')  ....  (89), 

then  C(b,*)  will  be  given  in  terms  of  by  the  relation 


4/cD^P„  {v) 


sD^P„  (v)I(k  —  1)  +  sec®  «  .  +  {v)Ik 


?3(0  (90), 


where,  as  in  (12),  (15), 


and 


Also,  from  (39),  we  have 


K  cos  a 


12^0 


^  y/{l  —  sin®  «)  ’ 
^  =  cot  a 

4«:D"P„  {v)  %  (^) 


(91). 


J 


O',  k) 


sDdb  (r)/(«  —  1)  +  sec® « .  V  {p)Ik 


-  A^,,,)T,/(z.)  .  (92). 


The  value  of  i/>  at  any  point  of  the  surface  being 

[i/;]  =  (v)  (p.)  sin  {s(j)  -f  2o)Kt  —  /)  ....  (93), 

is  determined  in  terms  of  by  the  last  equation  (92). 

23.  An  interesting  case  occurs  when  k  =  1.  The  period  of  the  tides  will  then  be 
half  that  of  a  complete  revolution  of  the  liquid,  and  they  may  therefore  be  called 
“  semidiurnal  ”  with  reference  to  the  spheroid.  Except  in  the  case  Avhen  5=0, 
equation  (90)  gives 

3-''^C,.,-K/(0  =  W.- . (94); 

also,  from  (92),  A,/T,/  (v)  =  0,  and,  therefore,  [v/;]  =  0  :  hence,  it  is  evident  that  tp 
must  also  vanish  throughout  the  liquid. 
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The  height  of  the  forced  tides  is  therefore  the  same  as  we  should  get  by  the 
“  equilibrium  theory,”  ie.,  by  neglecting  the  small  relative  motions  of  the  fluid 
particles  entirely.  In  fact,  these  relative  motions  have  no  effect  on  the  height  of  the 
tides.  It  does  not  follow  that  they  do  not  exist;  in  fact,  it  is  evident,  on  the  contrary, 
since  the  tides  move  relatively  to  the  liquid,  that  they  must  exist.  But  on  referring 
to  equations  (34)  we  see  that,  when  k  =  1,  the  small  relative  velocity  components 
U,  V,  W  may  be  finite,  even  though  i//  vanishes. 

The  zonal  oscillations  are,  however,  given  by 

. (95), 

since  =  1,  and  therefore  =  1,  T>Vn{v)  =■  ^n{n  1).  For  these  oscillations 

xjj  does  not  vanish. 

24.  Another  interesting  application  is  to  determine  the  height  of  the  permanent 
corrugations  produced  by  disturbing  forces  which  remain  constant  and  fixed  relatively 
to  the  rotating  liquid.  We  now  have  to  take  k=0;  therefore,  v  =  0  and  v/k:=  cos  a. 

If  s  is  different  from  zero,  then,  whether  n  —  s  be  odd  or  even,  equation  (90) 
gives  us 

3(My/c)a/K,/(0  =  W,/ . .  .  (94), 

and  (92)  gives  A,/T,/(i^)  =  0,  whence  [xfj]  =  0  ;  and  therefore  xfj  is  everywhere  zero. 

If  5  =  0  and  n  is  odd,  then  P„  (0)  =  0,  DP,,  (0)  is  finite,  and,  as  before,  we  find 

3(My/c)aK4C)  =  W„  . (94a), 

and 

i//  =  0. 


Lastly,  let  s  =  0  and  let  n  be  even.  This  is  the  case  of  a  harmonic  disturbance 
which  is  symmetrical  both  about  the  axis  of  the  spheroid  and  also  with  respect  to 
its  equatorial  plane.  Then,  as  in  §16,  4i^P„  (i^)/DP,,  (i^)  approaches  the  finite  limit 
—  4/{n(?i  +  1)},  when  v  is  diminished  indefinitely,  and  therefore 


c 


a 


K«(^) 


4g.(r)  1 

n  {n  +  1)J 


=  w. 


(96), 


12 


M7 


n  {n  +  1) 


(97). 


In  the  first  two  cases  the  height  of  the  corrugations  is  given  by  the  “  equilibrium 
theory,”  and,  since  i/;  =  0,  it  follows  from  equations  (34)  that  U,  V,  W  are  all  zero. 
Thus,  the  fluid  continues  to  rotate  as  if  rigid  in  a  form  differing  slightly  from  the 
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original  spheroid,  as  we  should  most  naturally  expect.  But  in  the  last  case,  since  xjj  is 
finite,  tliere  will  be  a  finite  relative  motion  of  the  liquid  with  respect  to  the  moving 
axes.  That  this  must  be  the  case  may  be  seen  as  follows  ; — The  spheroid  is  supposed 
to  be  deformed  from  its  original  form  by  the  action  of  the  given  conservative  forces 
and  surface  pressures.  The  displacement  does  not  vanish  at  the  ec^uator  ;  hence,  if  we 
consider  the  fluid  particles  at  the  surface,  forming  a  circle  round  the  ecjuator,  tlie 
displacement  must  necessarily  increase  or  diminish  the  size  of  this  circle.  By 
Thomson’s  circulation  theorem,  the  circulation  in  this  circuit  must  remain  the  same  as 
before,  since  the  liquid  is  supposed  perfect ;  hence,  the  angula,r  velocities  of  the  fluid 
particles  in  this  circle  must  be  altered,  and  they  can  no  longer  continue  to  rotate 
about  the  axis  of  the  spheroid  with  the  original  angular  velocity  co.  Therefore  the 
disturbance  must  produce  permanent  relative  motions  of  the  liquid,  unless  there  be 
any  viscosity  present,  in  which  case  the  mass  will  ultimately  rotate  as  if  rigid  in  the 
deformed  figure,  and  the  “  equilibrium  theory  ”  will  again  become  applicable. 

Tides  due  to  Action  of  a  Satellite. 

25.  We  shall  conclude  by  showing  how  to  determine  the  forced  tides  due  to  the 
presence  of  a  small  satellite  of  mass  m  revolving  in  any  orbit  about  the  spheroid. 

If  we  take  (fd  to  be  the  longitude  of  any  point  on  the  spheroid,  measured  from  a 
plane  fixed  in  space,  with  which  the  moving  plane  of  {y,  z)  coincides  at  time  t=0, 
then,  (f)  being  the  longitude  measured  from  the  latter  plane,  we  have 

(f)  (J)  . 

Let  (p,^,  <f)\)  be  the  spheroidal  coordinates  of  the  mass  m  at  time  t,  <j)\  being 

measured  from  the  fixed  initial  plane.  Then,  at  any  point  (p,  ^')  whose  distance 

from  the  mass  is  B,  we  have  ' 

Vg  =  my/R . (99). 

Since  1  /R  can  be  expanded  in  spheroidal  harmonics  by  the  formula 

1/R=  i/cs;y  (2»  +  1)[P.(,.)J,.(0 

+  2  s;:”  {(«-*)!/(»  +  s)!}  -  <l>\)]  (^OO). 

Since  the  motion  of  the  satellite  is  supposed  known,  (p^,  (j)\)  are  known 

functions  of  t.  In  order  to  complete  the  solution  we  must  suppose  the  quantities 
cjn  (Cl),  (pi)  <  (^i)  cos  and  TJ*>  (p^)  (Ci)  sin  S(j)\  expanded  by 

Fourier’s  theorem  in  simple  harmonic  functions  of  the  time.  If  the  period  of  the 
satellite  in  its  orbit  be  27r/L,  the  expansion  will  only  involve  circular  functions  of 
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multiples  of  'Ll.  We  then  write  (f)  cot  for  cf)',  and  resolve  all  j^^^oducts  of  sines  and 
cosines  involving  cj)  or  t  in  terms  of  circular  functions  of  sums  and  differences.  The 
expression  Vg  will  now  be  a  triple  series  of  the  same  form  as  in  equation  (88),  and 
the  heights  of  the  tides  due  to  each  term  of  the  series  may  be  determined  separately 
by  the  application  of  equations  (89),  (90). 

26.  Suppose  that  the  attracting  mass  rotates  round  the  spheroid  in  the  equatorial 
plane  in  a  circle  of  radius  c.y/(Z^  +  1)  with  angular  velocity  (1  —  2l)  oo  (referred  to 
fixed  axes). 

We  then  have  /jli  =  0,  ^i  =  Z,  (f)\  =  —  2l)  cot,  cf)'  —  (f)\  =  cf)  2lcot.  Therefore 


Vg  =  my/c  “(2/1  +  1)  [P„  (/^)p«  (C)  (0)  (Z) 

+  22'^“ [(■//  —  s)!/(n  +  s)\}  T,/*^  (/r)  C  {Cj  T,/*^  (0)  ^^,/(Z)  cos  s  ((^  +  2/&j^)]  (101). 


We  have 


P«(0)  =  0,  (?i  odd), 


T;/®^  (0)  =  0,  {n  —  s  odd). 


(- +  s)! 

''  ’  2'Gi(w  +  s)!.i(/i  -  s)!’ 


[n  —  s  even). 


so  that  the  expansion  only  involves  harmonics  which  are  symmetrical  with  respect  to 
the  equatorial  plane. 

The  first  term  in  the  above  expansion  is  a  harmonic  of  the  first  degree  and  rank, 
and  determines  the  motion  of  the  spheroid  as  a  whole  about  the  centre  of  mass  of  the 
spheroid  and  the  attracting  body.  This  motion  can  be  taken  separately. 

Taking,  in  the  usual  way. 


h  =  s; : ;  { aw  (/x)  +  s; : ;  a/Tv^>  {y.)  coss{cf>  +  2icot)} 


.  (102), 


where  the  summation  includes  only  even  values  of  11  —  s,  we  find,  by  the  method  of 
§24, 

2n  +J.  m  p„  (0  r„  (0)  q„  (Z) 


a  = 


o  M  K„(0  —  4(72  (0/{^  +  1)} 


=  (-  lf\\{2n-\-  1) 


on  01 ! 


Pn  (^1  In  (Z) 


M  2«  (1  K„  (?)  -  4^.3  {X)l{n  {n  +  1)} 

also,  if  'll  —  s  be  even, 

(-  l)^('^  +  *)f  (27i  +  1) 


,  (// even)  (103); 


on 


01  —  s\ 


M  2".^  {n  +  s) !  (%  —  s)! 


t/  (?)  Un^Z 


I  jr  w  s-x _ 4/5  (/s  -  1)  g3  (?)  D^P„  (Vs) _ 

’  1  "  '  sD^Vn{vs)  — {Is —  l)sec^  a. VsD^'^^VJvs)l{ls) 


(104), 
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where,  in  this  case, 

z=:  ^5  cos  a  (1  —  sin^  e)~^  .  .  ....  (105), 

the  corresponding  value  of  k  being  Is. 

Equations  (102),  (103),  (104)  fully  determine  the  height  of  the  forced  tides  and 
deformations  on  the  surface  of  the  spheroid  due  to  the  attracting  body. 

If,  instead  of  one  attracting  mass  m,  we  suppose  two  equal  masses  on  opposite 
sides  of  the  body,  the  expression  for  Vg,  and  therefore  for  Ji,  will  contain  only  zonal 
harmonics,  and  harmonics  of  even  rank,  but  these  will  be  the  same  as  before. 


Harmonic  Tides  of  the  Second  Order. 


27.  If  the  body  be  very  distant  from  the  spheroid,  Z  will  be  great,  and  the  series 
(101)  will  converge  very  rapidly,  so  that  the  harmonics  of  the  second  degree  are  the 
most  important. 

Taking  n  =  2,  s  =  2,  we  get 


p  3 _ ^  (0  V(Z) 

-  12  M  ‘  Ko^  (?)  -  {21  -  1)  q,  (?) 


(106), 


and  the  corresponding  term  in  the  height  of  the  forced  tide  is 


h. 


3 


™  (?-  +  l)w/(Z) 

4  MK/(?)-4((2^-l)^„(?)'^ 


—  fT)  <77  cos  2  [(f)  2iii  wt) 


(107). 


If  the  attracting  body  be  rotating  in  the  same  direction  as  the  liquid,  but  with  less 
angular  velocity  (as  in  all  cases  of  astronomical  interest),  2l  lies  between  0  and  1.  If, 
in  addition,  Kf  (?)  is  positive,  the  denominator  in  the  expression  for cannot  vanish, 
and  the  tide  produced  by  this  term  cannot  therefore  become  very  large.  In  fact,  the 
angular  velocities  of  both  the  free  harmonic  tides  will  lie  beyond  the  above-mentioned 
limits,  and  will  neither  of  them  coincide  with  that  of  the  attracting  body.  If, 
however,  (?)  =  0,  and  if,  in  addition,  the  attracting  body  be  fixed  in  space,  so  that 
2l  =  1,  this  forced  tide  will  increase  indefinitely.  The  spheroid  will  now  have  a  semi¬ 
diurnal  free  tide,  which  will  be  fixed  in  space,  and  will  coincide  with  the  forced  tide 
clue  to  the  attracting  body.  The  equilibrium  in  the  spheroidal  form  will  therefore  be 
completely  broken  up. 

If  the  attracting  body  be  rotating  very  slowly  about  the  spheroid,  the  same  thing 
will  happen  if  (?)  has  a  certain  corresponding  small  negative  value. 

Since  the  spheroid  is  secularly  stable  or  unstable  according  as  Ko^  (?)  is  positive  or 
negative,  the  mode  in  which  its  relative  equilibrium  will  be  destroyed  if  (?) 
becomes  negative  will  depend  on  circumstances.  If  the  liquid  possess  but  little 
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viscosity,  the  changes  clue  to  secular  instability  will  take  place  very  slowly,  but  the 
effect  of  the  tide  generating  force  due  to  an  attracting  body  when  the  angular  velocity 
of  one  of  the  free  tides  coincides  with  that  of  the  body  will  become  very  great.  If, 
however,  the  viscosity  be  considerable,  it  will  prevent  the  forced  tides  from  becoming 
large,  and  will  cause  the  lic[uid  to  rapidly  assume  the  form  of  a  Jacobian  ellipsoid, 
owing  to  the  spheroidal  form  lieing  secularly  unstable. 


Conclusion. 

28.  The  results  of  the  present  paper  suggest  several  considerations,  which  may 
possibly  throw  further  light  on  the  past  history  of  the  Solar  system.  The  criteria  of 
stability  applicable  to  the  two  cases  where  the  spheroid  is  formed  of  perfect  and  of 
viscous  liquid  respectively  have  been  already  discussed  in  §  20.  In  the  last  para¬ 
graph  I  have  alluded  to  the  possibility  that  ec|uilibrium  in  the  spheroidal  form  may  be 
broken  up  by  an  attracting  body  which  causes  the  harmonic  tides  of  the  second  order 
to  increase  indefinitely,  in  accordance  with  Professor  Darwin’s  hypothesis. 

The  present  analysis,  however,  suggests  that  the  same  thing  may  happen  in  the 
case  of  harmonic  tides  of  higher  order  than  the  second,  and,  moreover,  the  results 
arrived  at  concerning  the  number  and  situation  of  the  roots  of  the  frequency- 
equation  rendei-.this  hypothesis  quite  admissible.  Except  for  harmonics  of  the  second 
order,  many  of  the  free  tides  will  rotate  in  the  same  direction  as  the  liquid,  but  with 
less  angular  velocity,  even  though  the  spheroid  be  secularly  stable ; ,  and,  if  an 
attracting  body  should  be  rotating  about  the  spheroid  with  the  same  angular  velocity 
as  one  of  these  tides,  they  would  certainly  rise  to  an  enormous  height,  and  the  liquid 
might,  perhaps,  ultimately  be  broken  up  into  two  or  more  detached  masses. 

Take,  for  example,  the  sectorial  harmonic  waves  of  order  n.  If  one  of  these  be 
fixed  in  space,  we  must,  from  §  13,  have  the  corresponding  value  of  /c  =  n,  and,  by 
(73),  this  leads  to  the  condition 

K/(0  =  0^  -  2) 


If  n  is  greater  than  2,  this  will  be  satisfied  for  some  secularly  stable  form  of  the 
spheroid.  Under  these  circumstances,  the  presence  of  a  fixed  attracting  body  near 
the  spheroid  would  cause  the  sectorial  harmonic  waves  of  the  vf*’  order  to  increase 
indefinitely.  The  only  obstacle  in  the  way  of  the  present  supposition  is  that  when 
the  distance  of  the  attracting  body  is  at  all  considerable,  the  harmonic  components  of 
tide  generating  force  of  the  higher  orders  become  very  small  in  comparison. 

Another  question  of  astronomical  interest  is  whether  a  rotating  spheroid  can  be 
broken  up  into  one  or  more  rings  of  rotating  liquid.  This  can  only  happen  if  one  of 
the  zonal  harmonic  oscillations  increase  indefinite!}^  or  become  unstable. 
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Now,  as  long  as  the  spheroid  continues  stable  for  such  zonal  harmonic  disydace- 
ments  when  the  liquid  is  supymsed  perfect,  the  frequencies  of  these  oscillations  will 
none  of  them  vanish  ;  hence,  their  amplitude  cannot  be  increased  indefinitely  by  the 
attractions  of  bodies  remaining  in  the  equatorial  plane  of  the  syfiieroid  ;  and  the  only 
way  in  which  this  can  take  y^lace  is  under  the  influence  of  the  tide  generating  force 
due  to  a  satellite  whose  orbit  is  inclined  at  a  considerable  angle  to  the  equatorial 
plane  of  the  spheroid,  the  effect  being  greatest  if  their  ydanes  be  yDeryDendicular.  There 
is  still  the  possibility  that,  contrary  to  our  hypothesis  in  §  20,  a  perfect  liquid  spheroid 
may  first  become  unstable  for  some  displacement  symmetrical  about  the  axis  ;  and, 
unless  this  question  be  fully  decided,  we  are  not  in  a  y^osition  to  say  that  such  is 
not  the  case,  and  that  Laplace’s  hyy^othesis  is  wholly  unfounded. 
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VII.  On  the  Magnetisation  of  Iron  and  other  Magnetic  Metals  in  very  Strong  Fields. 

By  J.  A.  Ewing,  B.Sc.,  F.R.S.,  Professor  of  Engineering  in  University  College, 

Dundee,  emd  William  Low. 

Received  October  29, — Read  November  22,  1888. 

§  1.  Early  in  1887  we  communicated  to  the  Royal  Society  a  short  account  of 
experiments  made  to  examine  the  magnetic  behaviour  of  iron  when  subjected  to 
strong  magnetic  force  by  what  we  called  the  “  isthmus  ”  method  of  magnetisation.* 
Since  then  the  experiments  have  been  continued  and  extended  by  applying  stronger 
magnetic  forces,  and  by  testing  samples  of  nickel,  cobalt,  and  various  steels,  as  well 
as  wrought  iron  and  cast  iron.t  It  may  be  well  to  preface  an  account  of  the  more 
recent  experiments  by  a  short  summary  of  the  results  stated  in  our  earlier  paper. 

§  2.  The  method  of  experiment  consisted  in  turning  the  piece  of  metal  whose  mag¬ 
netisation  was  to  be  examined  to  the  form  of  a  bobbin  with  a  narrow  neck  or  isthmus, 
and  placing  that  between  the  pole-pieces  of  a  powerful  electromagnet.  The  sample  was 
furnished  with  a  spreading  cone  at  each  end,  to  facilitate  the  convergence  of  the  lines 
of  magnetic  induction  upon  the  central  neck.  The  magnetisation  was  measured  by 
means  of  an  induction  coil  of  fine  wire  wound  in  a  single  layer,  or,  in  some  cases,  in 
two  layers,  upon  the  metal  of  the  neck.  Outside  of  this  coil,  and  at  a  small  definite 
distance  from  it,  a  second  induction  coil  was  wound  in  order  to  measure  the  magnetic 
field  in  the  space  between  the  -two  coils.  This  served  a  double  purpose  :  it  enabled  a 
proper  deduction  to  be  made  from  the  values  of  the  induction  measured  within  the 
inner  coil,  to  allow  for  the  space  between  the  surface  of  the  iron  neck  and  the  centre 
of  the  thickness  of  the  coil  ;  and  it  gave  values  of  the  magnetic  force  in  the  space 
immediately  surrounding  the  iron,  from  which  an  inference  might  be  drawn  as  to  the 
value  of  the  force  within  the  neck  itself.  As  there  was  no  free  magnetism  on  the 
circumference  of  the  neck,  in  the  medial  plane,  the  force  within  the  metal  was  con¬ 
tinuous  there  with  the  force  outside,  and  it  will  be  shown  later  that  when  a  suitable 
slope  was  given  to  the  conical  ends  of  the  bobbin  the  variation  of  force  in  the  medial 
plane  in  directions  at  right  angles  to  the  axis  w^as  so  small  that  the  external  field 

*  “  On  the  Magnetisation  of  Iron  in  Strong  Fields,”  ‘  Roy.  Soc.  Proc.,’  vol.  42,  p.  200. 

t  Preliminary  notices  of  some  of  the  later  results  were  communicated  to  Section  A  of  the  British 
Association  at  Manchester  (‘  Report  of  the  British  Association  for  1887,’  pp.  586  and  587). 
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must  have  formed  (in  such  cases)  a  very  approximately  accurate  measure  of  the  force 
acting  on  the  metal.  In  other  cases,  when  the  cones  were  more  blunt,  the  force  in 
the  external  field  was  somewhat  greater  than  the  mean  force  within  the  metal. 

§  3.  Figs.  1  and  2,  copied  from  our  earlier  paper,  show  the  forms  of  bobbin  originally 


used,  and  the  pole-pieces  of  the  magnet  by  which  they  were  magnetised.  With 
bobbins  of  the  type  of  fig.  1,  the  magnetic  induction  in  the  neck  and  the  field  in  the 
surrounding  air  were  measured  by  suddenly  turning  the  bobbin  round,  end  for  end  ; 
in  bobbins  of  the  type  of  fig.  2,  the  measurements  were  made  by  suddenly  withdrawmg 
the  bobbin  from  its  place  between  the  pole-pieces.  In  the  latter  case,  the  induction 
measured  was  the  excess  of  the  whole  induction  (53)  above  the  residual  induction  (iS,) 
which  persisted  when  the  bobbin  was  drawn  out.  In  iron  bobbins  the  residual 
magnetisation  was  found  to  be  sensibly  constant  from  the  lowest  to  the  highest  value 
of  the  inducing  field  employed  in  these  experiments,  but  the  form  of  the  bobbin  inade 
the  amount  of  this  residue  small.  It  was  measured  in  bobbins  of  the  type  of  fig.  1, 
by  comparing  the  result  of  turning  the  bobbin  round  with  the  effect  of  drawing  the 
bobbin  out ;  and,  in  the  first  instance,  its  value  in  iron  bobbins  of  the  type  of  fig.  2, 
was  estimated  to  be  about  the  same  as  in  bobbins  of  the  type  of  fig.  1.  In  later 
experiments,  when  other  more  retentive  metals  were  being  examined,  and  the  residual 
magnetism  consequently  formed  a  more  important  part  of  the  whole,  its  value  was 
directly  determined  by  using  built-ujD  bobbins  which  allowed  one  conical  end  to  be 
withdrawn ;  the  residual  magnetism  was  then  determined  after  the  bobbin  had  been 
removed  from  the  field  by  slipping  oft’  (in  one  operation)  one  of  the  conical  ends,  along 
with  an  induction  coil  which  had  been  wound  for  this  purpose  upon  a  loose  ring  over 
the  central  neck. 

Wrought  Iron. 

§  4.  In  the  early  experiments  solid  bobbins  of  the  form  and  dimensions  shown  in 
fig.  1,  were  tested,  one  of  Lowmoor,  and  another  of  Swedish  wrought  iron,  vfith 
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necks  6 '5  mm.  in  diameter  and  5  mm.  long.  The  magnetic  force  was  measured  in  an 
annular  space  between  the  inner  and  outer  induction  coils,  about  1  ’3  mm.  wide  and 
closely  contiguous  to  the  iron  neck  :  for  brevity  we  shall  call  the  magnetic  force  thus 
measured  in  the  surrounding  air  space  the  “  outside  field.”  Tables  I.  and  II.  below, 
which  are  copied  for  convenience  of  reference  from  our  earlier  paper,  give  observed 
values  of  the  induction  33,  and  of  the  outside  6eld  for  various  strengths  of  current  in 
the  coils  of  the  field  magnets.  They  also  give  values  of  the  quantity  (33  —  outside 
field)/47r,  which  would  be  a  measure  of  the  intensity  of  magnetisation  ^  if  the  outside 
field  were  fairly  representative  of  the  mean  magnetic  force  within  the  metal  of  the 
neck  itself  (since  33  =  +  >§)  5  and  also  of  the  quantity  33/outside  field,  which  on 

the  same  proviso  would  measure  the  permeability  p,.  The  residual  induction  S,.  was 
510  in  the  Lowmoor  and  500  in  the  Swedish  sample.  The  magnetic  quantities  are 
stated  in  c.g.s.  units. 


Table  I.— Lowmoor  Wrouglit  Iron. 


Current  in  field 
magnets,  ampferes. 

Outside  field. 

4^. 

'4?  —  outside  field  ^ 

Ttt 

outside  field 

1-98 

3,630 

24,700 

1680 

6-80 

4-04 

6,680 

27,610 

1670 

4-13 

5-81 

7,800 

28,870 

1680 

3-70 

7-60 

8,810 

29,350 

1630 

3-33 

11-0 

9,500 

30,200 

1650 

3-18 

1.3-5 

9,780 

30,680 

1660 

314 

16-2 

10,360 

30,830 

1630 

2-98 

21 -0 

10,840 

31,370 

1630 

2-89 

26-8 

11,180 

31,560 

1620 

2-82 

Table  II.  —  Swedish  Wrought  Iron. 


Current  in  field 

Outside  field. 

—  outside  field 

magnets,  ampferes. 

47r 

outside  field 

4-08 

6,690 

27,960 

1700 

.  ■ 

4-18 

7-77 

8,900 

29,730 

1660 

3-34 

10-9 

9,510 

30,820 

1700 

3-24 

14-2 

10,000 

31,210 

1690 

3- 12 

16-5 

10,360 

31,630 

1700 

3-05 

18-9 

10,810 

31,720 

1670 

2-94 

22-9 

10,880 

32,060 

1690 

2-95 

26-5 

11,200 

32,360 

1690 

2-90 

Results  closely  accordant  with  these  were  also  obtained  with  samples  of  the  form 
shown  in  fig.  2;  and,  as  bobbins  with  flat  ends  were  most  convenient,  especially  in  very 
strong  fields,  the  subsequent  experiments  were  all  made  with  the  flat-ended  type. 
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§  5.  The  pole-pieces  of  the  magnet  used  in  the  early  experiments  were  only  5 ’2  5  cm. 
square,  and  it  was  clear  that  with  a  larger  magnet  a  greater  concentration  of  the 
induction  might  be  produced.  Professor  Tait  was  kind  enough  to  lend  us  the  large 
magnet  of  the  Edinburgh  University  Laboratory,  and  all  the  subsequent  work  has 
been  done  with  it. 

The  Edinburgh  magnet  has  a  pair  of  vertical  limbs  about  50  cm.  long  and  10'7  cm. 
in  diameter.  These  are  united  by  a  horizontal  yoke  at  the  bottom,  and  are  furnished 
on  the  top  with  movable  pole-pieces  in  the  form  of  rectangular  blocks  of  soft  wrought 
iron,  the  cross-section  of  which  is  9' 6  cm.  square.  The  limbs  are  wound  along  a 

Pig.  3. 


length  of  49  cm.  with  a  number  of  coils  which  are  grouped  in  series,  making  about 
1600  turns  in  all.  The  currents  employed  by  us  ranged  up  to  40  am23m’es,  and  the 
greatest  value  of  the  line-integral  of  the  magnetic  force  was  consequently  about  80,000. 
lo  allow  the  old  bobbin,  of  the  form  of  fig.  1,  to  be  effectively  used,  we  furnished  the 
magnet  poles  with  a  pair  of  intermediate  conical  pieces  of  soft  wrought  iron,  which 
virtually  formed  an  extension  of  the  bobbin’s  ends.  Fig.  3  is  a  full-size  sketch  of  the 
poles  a,  a,  with  the  intermediate  pieces  1),  h,  and  the  bobbin  c,  in  place.  The  figure 
shows  the  size  to  which  the  neck  of  the  bobbin  was  finally  turned  down  in  experi¬ 
ments  which  are  described  below.  The  dimensions  are  given  in  millimetres. 
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§  6.  In  the  first  instance,  however,  a  Lowinoor  bobbin  of  the  dimensions  shown  in 
fig.  1,  which  had  been  used  in  the  earlier  observations,  was  tested  in  the  Edinburgh 
magnet  without  being  turned  down.  The  following  are  the  particulars  of  this  experi¬ 
ment  and  the  results  : — 

Diameter  of  central  neck,  9 ’23  mm.  Length  of  neck,  3 ’5  mm. 

Diameter  to  middle  of  inner  induction  coil,  9 ’48  mm. 

Diameter  to  middle  of  outer  induction  coil,  10 ‘99  mm. 

Inner  induction  coil,  a  single  layer  of  twelve  turns  of  silk-covered  wire,  0’25  mm.  in 
diameter  over  the  silk. 

Outer  induction  coil,  a  single  layer  of  seven  turns  of  the  same  wire. 


Table  III. — Lowmoor  Wrought  Iron. 


Current  in  field 

Outside  field. 

S  —  outside  field 

magnets,  ampferes. 

47r 

outside  field 

15-0 

15,990 

36,460 

1630 

2-28 

18-5 

18,410- 

36,970 

1480 

2-01 

28-5 

18,380 

37,320 

1510 

2-04 

330 

18,570 

37,610 

1520 

2-03 

38-5 

18,900 

37,990 

1520 

2-01 

A  Swedish  iron  sample  of  the  same  shape  gave  an  induction  of  3 7,G 20  in  a  field  of 
about  the  same  force,  with  a  current  of  38  amperes  in  the  field  magnet  coils. 

§  7.  To  push  the  induction  in  the  Lowmoor  sample  to  a  still  higher  value,  the  neck 
of  the  bobbin  was  turned  down  to  a  diameter  of  3'97  mm.,  the  slope  of  tlie  conical 
ends  being  approximately  maintained.  The  inner  coil  was  re-wound  with  a  mean 
diameter  of  4’22  mm.,  and  the  outer  coil  with  a  mean  diameter  of  5 '7  mm.  The 
following  are  the  results  for  a  magnetising  current  of  about  38  amperes,  the  mean  of 
several  measurements  being  taken  ; — 


Outside  field. 

^8, 

33  —  outside  field 

33 

47r 

outside  field 

25,620 

4.3,500 

1430 

1-7 

§  8.  A  final  effort  to  raise  the  induction  was  then  made  by  again  turning  down  the 
neck  of  the  sample  to  the  size  shown  in  fig.  3.  The  diameter  of  the  neck  was  reduced 
to  2'6G  mm.,  but  its  length  was  not  reduced  in  the  same  proportion ;  to  leave  room 
for  a  sufficiently  long  induction  coil,  a  little  of  the  metal  of  the  cones  close  to  the  necJr 
was  cleared  away  in  the  manner  shown  by  the  sketch.  The  section  of  the  neck  was 
now  less  than  y^oo  that  of  the  pole -pieces.  The  bobbin  was  annealed  after  being 
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turned  down.  The  inner  induction  coil  was  wound  in  a  single  layer  of  ten  turns  with 
a  mean  diameter  of  2'93  mm.  The  outer  coil  was  a  single  layer  of  eight  turns  with  a 
mean  diameter  of  4‘36  mm.  With  these  conditions  the  induction  was  forced  to  the 
enormous  value  of  45,350  c.o’.s.  units,  thoimh  the  outside  field  between  the  two  coils 
had  a  somewhat  smaller  value  than  before.  This  anomaly  does  not  necessarily  imply 
that  the  measurements  were  in  error,  for,  as  will  appear  from  what  follows,  the 
relation  of  the  outside  field  to  the  force  within  the  metal  is  materially  affected  by  the 
form  of  the  conical  ends,  and  that  form  had  been  altered,  as  has  just  been  said,  in 
the  region  close  to  the  neck.  The  excessive  smallness  of  the  neck  in  this  case,  how¬ 
ever,  made  it  more  difficult  than  before  to  measure  the  outside  field  wdth  precision. 
The  following  are  mean  results  for  the  strongest  magnetising  currents  : — 


Outside  field. 

33. 

S  —  outside  field 

© 

47r 

outside  field ' 

24,500 

45,350 

1660 

1-85 

§  9.  With  regard  to  the  quantity  (ffii  —  outside  field)/477,  it  will  be  noticed  that,  if 
we  exclude  the  last  (somewhat  doubtful)  case,  there  is  a  progressive  decrease  as  the 
induction  rises,  within  the  I’ange  covered  by  these  experiments.  With  a  field  of 
5000  or  6000,  the  value  of  this  quantity  was  1700  in  the  Swedish  sample  and  1680 
in  the  Lowmoor  sample,  and  it  fell  to  1430  as  the  field  was  raised  to  25,000.  This 
gives  great  interest  to  the  question,  whether  the  field  as  measured  in  the  outside  space 
has  the  same,  or  nearly  the  same,  value  as  the  magnetic  face  within  the  metal ;  for 
in  that  case  we  should  have  evidence  that  the  intensity  of  magnetisation  ^  passes  a 
maximum  and  begins  to  decrease  under  the  action  of  very  strong  fields,  and  this  is  a 
result  which  Weber’s  molecular-current  theory  of  diamagnetism,  extended  as  Maxwell 
has  extended  it  to  a  paramagnetic  substance,  would  lead  us  to  expect.^  After  a 
careful  examination  of  this  important  point,  we  have  concluded,  for  reasons  given 
below,  that  the  apparent  decrease  of  3  in  the  experiments  described  above  is  in  all 
probability  wholly  due  to  the  outside  field  being  greater  than  the  field  within  the 
metal,  and  that,  if  there  is  any  variation  in  the  real  value  of  3  in  strong  fields,  it  is 
smaller  than  our  method  of  experiment  can  detect. 

§  10.  An  attempt  to  investigate  the  uniformity  of  the  field  (in  a  medial  plane  along 
lines  radiating  from  the  axis)  was  made  by  building  up  a  bobbin  over  the  neck  of 
which  four  induction  coils  were  wound,  one  above  another,  with  small  annular  spaces 
between.  The  lowest  coil  was  wound  on  the  iron  neck,  and  the  other  three  on  thin 

*  See  Maxwell’s  ‘  Treatise  on  Electricity  aucl  Magnetism,’  vol.  2,  cliap.  22 : — “  If  it  should  ever  be 
experimentally  proved  that  the  temporary  magnetisation  of  any  substance  first  increases  and  then 
diminishes  as  the  magi^etising  force  is  continually  increased,  the  evidence  of  the  existence  of  these 
molecular  currents  woirld,  I  think,  be  raised  almost  to  the  rank  of  a  demonsti’ation.” 
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brass  tubes  turned  to  slip  one  on  another,  wltli  flauges  at  the  ends  to  preserve  a 
definite  clearance  between  them  and  to  keep  them  concentric.  The  innermost  coil 
had  a  mean  diameter  of  3 ’2  mm.,  and  the  outermost  a  mean  diameter  of  7'8  cm.  The 
annular  space  between  them,  2 ‘3  mm.  thick,  was  in  this  way  divided  into  three  parts, 
in  each  of  which  the  field  was  measured.  It  was  found  that  in  these  three  parts  the 
field  decreased  progressively  with  increase  of  distance  from  the  axis.  Thus,  in  one 
instance,  the  field  fell  from  19,000  in  the  innermost  ring  to  17,300  in  the  outermost 
ring.  It  is  unnecessary  to  describe  at  length  these  experiments,  which  were  very 
laborious,  and  which  did  not  throw  any  light  on  the  important  question  of  how  closely 
the  force  within  the  metal  approximated  to  the  force  in  the  air  close  to  the  surface  of 
the  neck.  Moreover,  the  form  of  the  built-up  bobbin  used  in  this  case  was,  as  we 
afterwards  recognised,  such  as  to  give  a  much  more  uniform  field  than  the  bobbin 
formerly  used. 

Concentration  of  Magnetic  Force  by  Conical  Pole-faces. 

§  11.  The  magnetic  force  in  the  space  between  the  pole-pieces  is  made  up  of  two 
parts:  (1)  the  electromagnetic  force  directly  produced  by  the  current  in  the  field- 
magnet  coils  ;  and  (2)  the  force  due  to  free  magnetism  distributed  for  the  most  part 
over  the  pole-faces.  The  first  of  these  was  a  comparatively  small  part  (less  than  one- 
fiftieth)  of  the  whole,  and  its  value  must  have  been  sensibly  uniform  at  such  small 
distances  from  the  axis  as  those  with  which  we  are  now  concerned.  In  considering 
the  uniformity  of  the  field  we  need  only  deal  with  the  force  produced  by  free  magnetism 
distributed  over  the  opposing  surfaces  of  the  poles. 


Fig,  1. 


§  12.  The  free  magnetism  on  each  pole-face  may  be  treated  as  made  up  of  a  series 
of  co-axial  circular  rings  in  planes  normal  to  the  axis  of  magnetisation.  Calling  M  the 
whole  free  magnetism  of  one  of  these  rings  (fig.  4)  and  r  its  radius,  the  force  F  due  to 
it  at  a  point  in  the  axis  at  a  distance  x  from  the  plane  of  the  ring  is  where 

^  =  C  {F  +  x”).  This  force  will  be  a  maximum  when  clYjdx  =  0,  or 

1  3a;- 


2  G  2 


228 


PROFESSOR  J.  A.  EWING  AND  MR.  W.  LOW  ON  THE 


which  gives 

X  =  ;  tan  6  =  ^/2  ;  0  =  54°  44'. 

Hence,  a  series  of  co-axial  rings  will  be  most  advantageously  disposed  for  producing 
force  at  a  point  on  the  axis  if  they  lie  on  a  cone  having  its  vertex  at  that  point,  with 
a  semi-vertical  angle  of  54°  44',  This  conclusion  is  independent  of  the  distribution  of 
density  from  ring  to  ring. 

§  13,  The  greatest  force  will  be  produced  when  the  pole-pieees  are  themselves 
saturated,  so  that  3  reaches  its  limiting  value  in  all  j^arts  of  the  metal.  In  that  case 
the  distribution  of  density  from  ring  to  ring  is  uniform.  The  surface  density  of  free 
magnetism  at  any  point  of  a  sloping  pole-face  is  3  sin  0,  where  0  is  the  slope  of  the 
face  to  the  axis  of  magnetisation.  The  whole  quantity  in  each  ring  is  3  multiplied 
by  the  area  of  the  ring  projected  upon  a  plane  normal  to  the  axis — a  quantity  which 
is  independent  of  the  slojDe  of  the  cone.  We  have,  therefore,  the  same  series  of 
attracting  rings  to  deal  with,  whatever  be  the  slope  of  the  convergent  forces,  and 
whether  that  slope  be  uniform  or  not.  Given,  then,  a  certain  diameter  for  the  neck 
of  the  bobbin  to  be  magnetised,  the  greatest  magnetic  force  wull  be  produced  at  the 
middle  of  the  axis  of  the  neck  if  we  make  the  expanding  ends  and  pole  faces  in  the 
form  of  cones,  with  a  semi-angle  of  54°  44','  and  with  their  vertices  at  the  middle  of 
the  neck.* 

§  14.  This  cone  of  maximum  concentrative  power  is  not,  however,  the  form  best 
suited  for  producing  a  uniform  field.  At  any  point  in  the  axis  clF/dy  and  dFjclz  are 
zero,  axes  of  y  and  2  being  taken  in  a  plane  parallel  to  the  rings,  and  the  condition 
for  a  uniform  field  (uniform,  namely,  in  the  neighbourhood  of  the  axis,  over  a  trans¬ 
verse  plane)  is  that  d^Fjdy'^  and  d^Fjdz^  shall  also  be  zero.  Consider  again  the 
attraction  of  a  ring  at  any  point  O  in  the  axis.  Taking  Laplace’s  equation — 

rfW  ^  _ 

If-  dy^  ~dF  ~ 

and  differentiating  with  respect  to  x,  \ve  have 

d-  ^  d^  (1^  d-  dN  _ 

dx-  dx  dy-  dx  dz^  dx 


By  symmetry  of  the  held  about  the  axis  of  x  the  second  and  third  terms  are  equal ; 
hence,  writing  F  for  dYjdx, 


d^  2<FF 
dx-  ^  d.if 


0. 


*  The  correspoutling  proi^osition  for  trancated  cones,  with  an  air  space  between  them,  has  lately  been 
stated  by  Professor  Stefan  (‘Wien,  Akad.  Sitzber.,’  Feb.  9,  1888  ;  or  ‘  Phil.  Mag.,’  vol.  ‘25,  p.  32‘2). 


MAGNETISATION  OF  IRON  AND  OTHER  MAGNETIC  METALS. 


229 


The  condition  for  a  uniform  field  will  therefore  be  satisfied  when  d^F/c/x"  =  0  ;  tliat 
is,  when 


9x  ,  15a;^ 


which  gives  x  =  ;  tan  6=  6  =  39°  14'.  Thus,  the  condition  is  satisfied 

when  the  pole-faces  are  cones  converging  as  before  upon  the  middle  of  the  neck,  but 
with  a  semi-vertical  angle  of  39°  14'."^ 

§  15.  Witli  a  cone  of  any  semi-angle  0,  the  surface  density  of  free  magnetism  being 
3  sin  6,  the  force  at  the  vertex  due  to  a  ring  at  an  axial  distance  x,  of  radius  r,  and 
of  length  (U,  measured  along  the  slope,  is 

27rr  dl.  3  sin  9.  x/P,  or  27r3  siiF  6  cos  9  di'lr. 

The  whole  force  at  the  vertex  is 

277  siiF  9  cos  9  —  j 

r 

a  being  the  radius  of  the  neck  on  which  the  cone  converges,  and  h  the  radius  of  the 
base  to  which  it  spreads. 

Hence  (treating  3  as  uniform),  with  a  pair  of  truncated  cones,  joined  by  a  neck  at 
the  middle  of  which  they  have  their  common  vertex,  the  whole  force  there  is 

F  =  4773  9  cos  9  log^  ^  , 

which,  for  convenience  of  calculation,  we  shall  write 

F  =  28 ’935  3  sin^  ^  cos  9  log^g  “  • 

§  16.  Applying  this  to  the  cones  of  maximum  concentrative  power  (§  13),  in  which 
sin  9  =  cos  9  =  ' 

F,„„,=  11-187  3  login*, 

and  the  greatest  value  of  the  force  will  be  obtained  when  3  the  saturation  value 
(of  say  1700  c.g.s.  units  for  soft  wrought  iron),  in  which  case 

=  18930  logio^  , 

an  expression  which  measures  the  greatest  possible  force  which  the  “  isthmus  ” 
method  of  magnetisation  can  apply  at  a  point  in  the  axis  of  the  bobbin  (over  and 
above  the  small  force  which  is  directly  produced  by  the  magnet  coils).  It  is 


*  We  are  indebted  to  Mr.  A.  Tanakadate  for  suggesting  this  calculation  of  the  form  of  poles  suited 
to  give  a  uniform  field. 
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impracticable  to  produce  quite  so  great  a  force  as  this  on  account  of  the  difficulty  of 
saturating  the  magnet  poles. 

§  17.  With  the  cones  which  give  the  most  uniform  field,  for  which  sin  6  =  and 
cos  6  =  v/f  j  file  value  of  F  is  only 

8-965  3  logio 

which  becomes 

15240  logio^^ 


in  the  event  of  the  pole-pieces  being  of  soft  wrought  iron  and  saturated. 

§  18.  The  curve,  fig.  5,  has  been  drawn  to  show  how  the  force  at  the  vertex  varies 
when  the  angle  of  the  cone  is  altered. 

Fig.  5. 


The  base  of  the  cone  being  represented  by  AB,  any  ordinate  PM  gives  the  force 
when  the  vertex  is  at  M.  In  the  figure,  A  MB  represents  the  cone  of  maximum 
concentrative  power,  and  ANB  represents  the  cone  giving  a  uniform  field  in  the 
neighbourhood  of  the  axis,  Q  being  the  point  of  inflection  in  the  curve. 

§  19.  In  hgs.  6  and  7  the  same  two  cases  are  further  illustrated  by  curves  which 
show  the  sum  of  the  forces  due  to  two  equal  and  opposite  rings  (situated  on  cones 
witli  a  common  vertex)  at  points  along  the  axis. 

By  summing  up  the  effects  of  such  pairs,  for  the  whole  cone,  we  may  judge  how 
nearly  the  force  is  uniform  from  end  to  end  of  the  neck  of  the  magnetised  bobbin. 
In  a  bobbin  with  cones  of  semi-angle  14'  the  field  is  sensibly  uniform  from  end  to 
end  of  the  neck,  except  close  to  the  ends,  where  it  is  slightly  reduced,  and  (§  14)  this 
longitudinal  uniformity  implies  transverse  uniformity. 

§  20.  When  the  semi-vertical  angle  of  the  cones  is  greater  than  39°  14',  the  force  at 
points  on  the  axis  has  a  maximum  at  the  common  vertex,  and,  since  d^FJdx"  and 
d^Fjdy^  have  opposite  signs  (§  14),  the  field  is  stronger  at  places  near  the  axis  than 
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on  the  axis  itself.  In  a  bobbin  with  a  narrow  neck  this  may  have  the  effect  of 
making  the  field  in  the  closely  surrounding  air  space  greater  tlian  the  mean  field 
within  the  neck. 

§  21.  We  may  now  apply  the  above  conclusions  to  elucidate  the  experiments  which 
have  been  described.  The  form  of  bobbin  used  in  them  had  been  chosen,  without 
reference  to  theory,  as  one  likely  to  give  a  strong  concentration  of  magnetic  induction, 
and  it  chanced  to  come  very  near  the  best  form  for  this  purpose.  The  cones  had  a 
semi-angle  of  60°,  and  their  vertices  were  nearly  coincident  (overlapping  very  slightly, 
see  fig.  2). 

Applying  the  formula  of  §  1.5,  we  have,  for  9  =  60°, 

F  =  10-85  3  logio  ^  ’ 

which  is  only  two  and  a  half  per  cent,  short  of  the  force  attainable  by  using  cones  of 
maximum  concentrative  power.  Moreover,  it  must  be  borne  in  mind  that  in  actual 


use  of  the  isthmus  method  the  strongest  induction  will  be  reached  when  the  semi-angle 
is  rather  greater  than  54°  44',  for  3  is  itself  a  function  of  the  angle,  decreasing  when 
the  angle  is  decreased,  on  account  of  the  augmented  “  resistance  ”  of  the  whole 
magnetic  circuit.  For  this  reason  we  probably  obtained  as  much  concentration  wdth 
cones  of  60°  as  we  should  have  obtained  with  cones  of  54°  44'.  Further,  in  the  last 
experiment  (§  8),  tlie  neck  of  the  bobbin  had  been  turned  down  to  the  smallest  size 
we  found  it  practicable  to  work  with.  It  is  clear,  therefore,  that  no  materially  higher 
value  of  SS  than  the  value  already  obtained  was  possible  with  the  apparatus  at  our 
disposal. 

§  22.  From  the  relation  of  the  line  integfral  of  maometic  force  to  the  length  of  iron 
and  mean  length  of  air  in  the  magnetic  circuit,  we  estimate  that  the  mean  value  of  3 
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in  tlie  magnet  cores  and  pole-pieces  cannot  have  exceeded  1400  when  the  magnetising 
current  was  at  its  strongest.  The  distribution  of  this  over  the  conical  pole-faces  was 
not  uniform.  Close  to  the  neck  it  reached  the  saturation  value  (of,  say,  1680  or 
1700),  being  gathered  there  at  the  expense  of  outlying  portions.  This  want  of 
uniformity  of  3  in  the  jDole-faces  increases  the  magnetic  force  in  the  neck,  but  when  a 
distribution  of  3  is  assigned  it  is  easily  taken  account  of  in  applying  the  formula  of 
§  15. 

§  23.  Taking  the  experimental  case  (§  7),  in  which  the  diameter  of  the  neck  was 
-^5  of  the  diameter  to  which  the  cones  spread,  we  calculate  that  the  magnetic  force  at 
the  middle  of  the  axis  was  probably  about  22,500,  and  at  other  points  of  the  axis  it 
was  less. 

Now,  the  measured  value  of  the  field  in  the  air,  close  to  the  bobbin’s  neck,  was  m 
this  instance  25,620.  To  produce  this  force  at  the  axis  would  require  that  the  value 
of  3  in  the  pole-pieces  should  have  been  nothing  less  than  1690  all  over,  that  is  to 
say,  it  would  require  that  the  poles  should  have  been  saturated  from  axis  to  circum¬ 
ference — a  quite  impossible  supposition.  It  is  clear  that  the  force  in  the  air  close  to 
the  neck  was  in  this  case  distinctly  greater  than  the  mean  force  within  the  neck. 

The  measured  induction  S  within  the  neck  was  43,500.  If  we  accept  22,500  as 
the  mean  value  of  within  the  neck  (remembering  that  while  ^  increases  from  the 
axis  to  the  circumference  it  diminishes  from  the  middle  towards  the  ends),  the  value  of 
3  in  the  neck  would  be  (43,500  —  22,500)/47r  =  1670,  which  is,  as  nearly  as  may  be 
judged,  the  same  value  as  was  produced  by  the  application  of  magnetising  forces  of 
moderate  strength. 

§  24.  These  considerations  establish  a  very  strong  presumption  that  the  apparent 
decrease  of  3  in  the  experiments,  that  is  to  say,  the  observed  decrease  in  the  quantity 
(33  —  outside  field)/47r  under  very  strong  forces  is  to  be  explained  by  the  fact  that 
the  outside  field  was  stronger  than  the  field  within  the  neck  ;  and  that  the  true 
value  of  3  is  sensibly  constant  throughout  the  range  of  magnetic  forces  examined, 
namely,  from  about  4000  to  24,000  c.g.s.  units. 


Further  Experiments  on  Wrought  Iron. 

§  25.  To  put  this  matter  further  to  the  proof,  we  continued  the  experiments  with 
another  bobbin,  also  of  Lowmoor  wrought  iron,  the  conical  ends  of  which  were  shaped 
so  as  to  produce  a  much  more  uniform  field.  The  shape  which  would  give  the  most 
uniform  field  was  not  chosen,  for  that  would  have  imposed  so  low  an  upper  limit  on 
the  strength  of  the  field  that  the  test  would  have  been  rather  inconclusive.  By  way 
of  compromise,  a  bobbin  was  turned  of  the  shape  and  dimensions  shown  in  fig.  8,  with 
cones  of  semi-angle  45°,  as  a  form  which  combined  high  concentrative  power  with 
a  fair  approximation  to  uniformity  of  field.  The  advantage,  in  respect  of  uniformity 
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of  field,  which  this  bobbin  had  over  the  one  formerly  used  may  be  judged  from 
figs.  9  and  10,  which  show  the  longitudinal  variation  of  force  due  to  a  pair  of  rings  in 
the  two  cases.  The  length  and  diameter  of  the  neck  were  3 ’42  mm.  The  outside 
field  and  the  induction  were  measured  as  before,  and  it  was  found  that  they  were 
decidedly  less  than  in  the  former  instance,  chiefly,  of  course,  because  of  the  greater 
mean  thickness  of  air  space  now  present  between  the  magnet  poles,  which  reduced  the 

Fig  8. 


mean  value  of  3  in  them.  But  what  is  important  to  our  present  purpose  is  to  note 
that  now,  owing  to  the  greater  uniformity  of  the  field,  the  quantity  (iB  —  outside 
field)/47r  undergoes  no  progressive  diminution  as  the  force  rises.  Table  IV.  gives  the 
results.  They  confirm  the  conclusion  which  was  provisionally  stated  in  §  24.  Here 
we  may  accept  the  strength  of  the  outside  field  as  closely  approximating  to  the  mean 
force  within  the  neck,  so  that  the  first  column  in  the  table  might  have  been  styled 
the  second  last  column  3;  and  the  last  column  /r. 

MDCCCLXXXIX. — A.  2  H 
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Table  IV. — Lowmoor  Wrought  Iron. 


Outside  field. 

a?. 

a?  —  outside  field 

47r 

outside  field 

3,080 

24,130 

1680 

7-83 

6,450 

28,300 

1740 

4-39 

■  10,450 

32,250 

1730 

3-09 

13,600 

35,200 

1720 

2-59 

16,390 

36,810 

1630 

2-25 

18,760 

39,900 

1680 

2-13 

18,980 

40,780 

1730 

215 

^26.  It  remains  to  describe  the  results  of  tests  of  other  samples  of  wrought  iron 
and  of  cast  iron,  of  various  steels,  manganese  steel,  nickel,  and  cobalt.  Messrs  Jowitt 
and  Sons,  of  Sheffield,  were  kind  enough  to  supply  specimens  of  pure  Swedish  iron 
and  of  steel,  with  which  a  number  of  experiments  were  made. 

The  following  results  were  obtained  with  a  bobbin  of  Swedish  iron,  described  by 
Messrs.  Jowitt  as  of  the  “  L®Lancash.”  brand,  a  good  Swedish  iron  made  by  the 
Lancashire  hearth  process.  The  form  and  size  of  the  bobbin  are  shown  in  fig.  11. 


Fig.  11. 


The  cones  were  blunt,  and  their  vertices  were  at  some  distance  from  one  another,  the 
general  effect  being  similar  to  that  of  sharper  cones  with  a  common  vertex,  giving  a 
fairly  uniform,  but  not  excessively  strong,  field. 

Table  V. — Swedish  Iron,  “  L^Lancash.”  Brand. 


Outside  field. 

—  outside  field 

47r 

outside  field 

1,490 

22,650 

1680 

15-20 

3,600 

24,650 

1680 

6-85 

6,070 

27,1.30 

1680 

■4*4/' 

8,600 

30,270 

1720 

3-52 

18,310 

38,960 

1640 

2-13  i 

19,450 

40,820 

1700 

2-10 

19,880 

41,140 

1700 

2-07 
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It  will  be  noticed  that  the  quantity  in  the  third  column,  which  no  doubt  approximates 
very  closely  to  the  intensity  of  magnetisation  3;  is  practically  constant,  except  for 
errors  of  observation.  Its  mean  value  is  1G85. 

§  27.  Another  bobbin,  described  by  Messrs.  Jowitt  as  Swedish  wrought  iron  of  the 
celebrated  (l)  brand,  the  purest  and  most  expensive  iron  used  in  commerce,  made  by 
the  Walloon  process,  was  also  turned  to  the  shape  shown  in  fig.  11,  and  tested  as 
follows  ; — 


Table  VI. — Fine  Swedish  Iron,  ©  Brand. 


Outside  field. 

s. 

3?  —  outside  field 

33 

47r 

outside  field 

5,310 

25,670 

1620 

4-83 

17.680 

38,080 

1620 

2T5 

19,240 

39,540 

1620 

2-06 

It  would  seem  that  the  saturation  value  of  3  is  specifically  less  in  this  iron  than  in 
previous  samples. 

Cast  Iron. 

§  28.  Table  VII.,  which  is  copied  from  our  former  paper,  gives  the  results  of  tests 
made  with  a  bobbin  of  cast  iron  of  a  form  similar  to  that  shown  in  fig.  1,  the 
magnetisation  being  measured  by  reversing  the  bobbin  in  the  field.  The  residual 
induction  v^as  also  measured  by  withdrawing  the  bobbin,  and  was  found  to  have  a 
nearly  constant  value  of  about  400  c.g.s.  units. 


Table  VII. — Cast  Iron. 


Outside  field. 

43. 

43  —  outside  field 

33 

47r 

outside  field 

3,900 

19,660 

1250 

5-04 

6,400 

21,930 

1249 

3-42 

7,710 

22,830 

1200 

2-96 

8,080 

23, .520 

1230 

2-91 

9,210 

24,580 

1220 

2-67 

9,700 

24,900 

1210 

2-57 

10,610 

25,600 

1190 

2-46 

§  29.  Table  VIII.  relates  to  a  later  test,  made  with  Professor  Tail’s  magnet,  in 
which  a  central  spindle  of  cast  iron  was  used  to  form  the  neck  of  the  bobbin,  but 
the  conical  ends  were  of  wrought  iron  shrunk  on  to  the  ends  of  the  spindle.  Fig.  12 
shows  a  section  of  this  bobbin.  A  similar  construction  has  been  adopted  in  many 

2  H  2 
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other  cases;  the  use  of  the  more  permeable  metal — wrought  iron — for  the  cones  has,  of 
course,  the  advantag-e  of  strengthening’  the  induction  in  the  neck.  Here  the  residual 
magnetism  was  measured,  after  the  observations  were  otherwise  complete,  by  slackening- 
one  of  the  cones,  so  that  it  might  be  slipped  oft  the  spindle.  A  suitable  induction 
coil,  wound  on  a  ring,  was  then  slipped  on  ;  the  whole  bobbin  was  magnetised  and 
removed  from  the  field,  the  loose  end  and  the  coil  were  then  slipped  off  together,  and 
the  ballistic  effect  of  this  was  observed.  In  these  measurements  the  bobbin  was 
demagnetised  by  the  method  of  reversals,  to  get  rid  of  the  effect  of  previous  stronger 
magnetisations.  A  similar  procedure  was  followed  in  finding  the  residual  magnetism 
of  steel  samples.  The  residual  magnetism  is  allowed  for  in  the  values  of  ^13  given 
below. 


Fig.  12. 


Table  VIII. — Cast  Iron. 


Current  in  field 
magnets,  ampferes. 

Outside  field. 

SB  —  outside  field 

SB 

4- 

outside  field 

1-57 

4,560 

20,070 

1230 

4-40 

3-62 

9,120 

24,630 

1230 

2-70 

5-95 

11,770 

27,680 

1270 

2-35 

8T 

13,460 

28,710 

1210 

2T3 

14-2 

14,690 

30,160 

1230 

2-05 

23-0 

16,200 

30,920 

1170 

1-91 

40-0 

16,900 

31,760 

1180 

1-88 

These  two  experiments  agree  in  assigning  al^out  1240  as  the  saturation  value  of  3 
in  this  cast  iron;  and  the  apparent  diminution  in  fields  of  the  greatest  strength  is,  of 
course,  to  be  set  down  to  the  cause  which  has  been  fully  explained  in  connection  with 
wrought  iron — an  excess  of  the  “  outside  field  ”  over  the  mean  force  within  the  metal, 
owing  to  the  cones  being  too  blunt  to  give  a  veiy  uniform  field. 
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Steel. 

§  30.  Of  the  following  experiments,  Nos.  1  to  .3  vvei'e  made  witli  samples  of  steel 
supplied  by  Messrs.  Jowitt,  containing  various  percentages  of  carbon.  The  sample 
was  built,  in  each  case,  into  a  bobbin  of  the  form  shown  in  fig.  13,  with  wrought  iron 

Pig.  13.  Fig.  14. 


cones.  No.  6  was  made  with  a  specimen  of  Whitworth’s  fluid  compressed  steel, 
built  with  wrought  iron  cones  into  the  bobbin  of  fig.  14.  Observations  were  made 
in  the  strongest  fields  only. 


Table  IX. — Steel  of  Various  Qualities. 


Description  of  steel. 

Outside  field. 

SB  —  outside  field 

SB 

47r 

outside  field 

1.  Bessemer  steel,  containing  about 
0'4  per  cent,  of  carbon 

17,610 

39,880 

1770 

2-27 

2.  Siemens-Martin  steel,  containing 
about  0'5  per  cent,  of  carbon 

18,000 

38,860 

1660 

2-16 

3.  Crucible  steel  for  making  chisels, 
containing  about  0'6  per  cent,  of 
carbon 

19,470 

38,010 

1480 

1-95 

4.  Finer  quality  of  crucible  steel  for 
chisels,  containing  about  O' 8  per 
cent,  of  carbon 

18,330 

38,190 

1580 

2-08 

5.  Crucible  steel,  containing  about  1  per 
cent,  of  carbon 

19,620 

37,690 

1440 

1-92 

6.  Whitworth  fluid  compressed  steel 

18,700 

38,710 

1590 

2-07 

§  31, — The  following  tests  were  made  with  a  piece  of  Vickers’  tool  steel,  built  with 
wrought  iron  cones  into  the  bobbin  shown  in  fig.  15.  In  this  case  the  magnetising 
field  must  have  been  sufficiently  uniform  to  make  the  first  column  in  the  table  repre¬ 
sent  the  last  [x,  and  the  second  last  column  3  very  nearly.  This  steel  had  great 
coercive  force  ;  the  residual  magnetic  induction  (entered  in  the  table  under  ^I3r)  was 
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scarcely  constant,  even  in  fields  of  over  10,000,  and  3  appeared  to  be  still  increasing 
in  the  strongest  field  to  which  the  experiment  extended. 


Fig.  15. 


Table  X. — Vickers’  Tool  Steel. 


Outside  field. 

m 

®  —  outside  field 

a? 

at. 

47r 

(S.) 

outside  field 

(e.) 

6,210 

7350 

25,480 

1530 

4-10 

9,970 

7670 

29,650 

1570 

2-97 

12,170 

8000 

31,620 

1550 

2-60 

14,660 

8030 

34,550 

1580 

2-36 

15,530 

8030 

35,820 

1610 

2-31 

Taken  together,  the  experiments  on  steel  render  it  probable  that  there  are  specific 
differences  in  the  saturation  values  of  3  for  different  steels,  smaller  values  being  found 
in  high-  than  in  low-carbon  steels.  This  is  to  be  expected,  in  view  of  the  decidedly 
low  saturation  value  of  3  found  in  cast  iron. 


Manganese  Steel. 

§  32. — At  the  suggestion  of  Dr.  J.  Hopkinson,  we  have  examined  the  action  of 
strong  magnetic  forces  upon  the  remarkable  alloy  of  iron  and  manganese  lately 
introduced  by  Mr.  R.  A.  Hadfield,  of  Sheffield,  which  has  many  peculiar  mechanical 
and  electrical  properties.*  The  experiments  of  Hopkinson,!  Bottomley,|  and 
Barrett  §  have  shown  that  this  steel  is  almost  wholly  destitute  of  magnetic  suscepti- 

*  See  Mr.  Hadfield’s  paper  ou  Manganese  Steel,  ‘  Inst.  Civ.  Engin.  Proc.,’  February  28,  1888. 

t  “Magnetisation  of  Iron,”  ‘Phil.  Trans.,’  1885,  p.  462. 

X  ‘  Report  of  the  British  Association  for  1885,’  jd.  903. 

§  ‘  Roy.  Dublin  Soc.  Proc.,’  vol.  5,  1886,  p.  360. 
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bility.  Hopkinson  found  that  a  force  ^  of  244  produced  an  induction  of  310, 
which  makes  the  permeability  only  1'27.  Mr,  Hadfield  was  kind  enough  to  supply 
us  with  a  bar  which  contained  about  12  per  cent,  of  manganese  and  0‘8  per  cent,  of 
carbon.  The  metal  is  excessively  bard,  but,  by  raising  the  bar  to  a  bright  red  heat 
and  quenching  it  in  water,  it  was  softened  sufficiently  to  allow  j)ieces  to  be  turned, 
with  considerable  difficulty,  into  forms  suitable  for  these  experiments. 

One  piece  of  the  bar  was  turned  into  a  solid  bobbin,  of  the  size  and  shape  shown  in 
fig.,  16,  and  with  that  the  following  observations  were  made  : — 

Fig.  IG. 


Table  XI. — Hadfield’s  Manganese  Steel. 


1 

Outside  field.  1 

! 

a?. 

a?  —  outside  field 

at 

47r 

outside  field 

2000 

2770 

61 

1-38 

3250 

4560 

104 

1-40 

3720  I 

5090 

109 

1-37 

4100  1 

6010 

152 

1-47 

5200 

7320 

185 

1-41 

§  33.  To  push  the  induction  to  higher  values,  another  bobbin  was  built  up  (fig.  17), 
with  a  central  spindle  cut  from  the  bar  of  manganese  steel,  and  with  cones  of 
wrought  iron.  The  following  measurements  were  made  with  it : — 
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Table  XII. — Hadeield’s  Manganese  Steel. 


Outside  field. 

35  —  outside  field 

47r 

outside  field’ 

1930 

2,620 

55 

1-36 

2380 

3,430 

84 

1-44 

3350 

4,400 

84 

1-31 

5920 

7,310 

111 

1-24 

6620 

8,970 

187 

1-35 

7890 

10,290 

191 

1-30 

8390 

11,690 

263 

1-39 

9810 

14,790 

396 

1-51 

§  34.  The  figures  in  the  last  two  columns  of  Tables  XI.  and  XIL  show  as  much 
regularity  as  can  be  expected,  when  it  is  borne  in  mind  that  they  depend  upon  the 
small  differences  between  two  large  quantities  which  had  to  be  separately  measured. 
The  two  sets  of  results  agree  well.  They  show  that  the  permeability  of  manganese 
steel  is,  as  nearly  as  may  be  judged,  constant  from  fields  of  2000  to  10,000  units, 
with  a  value  approximating  to  1  ’4  in  this  sample.  It  follows  from  this  that,  notwith¬ 
standing  the  excessive  resistance  which  this  material  opposes  to  being  magnetised,  a 
respectably  high  intensity  of  magnetisation  wall  be  produced  by  the  application  of  a 
sufficiently  strong  force.  In  the  second  experiment  3  was  raised  to  nearly  400.  It 
is  very  remarkable  that  scarcely  any  of  this  magnetisation  remains  wdien  the  force  is 
withdrawn.  One  might  have  expected  that  a  material  which  resists  magnetisation  so 
strongly  would  possess  much  coercive  force.  In  fact,  however,  the  residual  magnetism 
(which  was  determined  in  the  second  sample  in  the  usual  way,  by  slipping  off  one  of 
the  iron  cones  along  with  an  induction  coil)  was  so  small  that  it  scarcely  admitted  of 
measurement  by  the  apparatus  which  served  to  measure  the  induced  magnetism.  After 
applying  the  strongest  field  the  value  of  the  residual  induction  5?*-  w^as  only  about  30. 
It  is  well  kuown  that  with  ordinary  iron  and  steel  the  magnetisation  wholly,  or  almost 
wholly,  disappears  when  the  magnetising  force  is  withdrawn,  provided  the  force  is  less 
than  a  certain  amount.  This  elastic  stage  in  the  process  of  magnetisation,  the  limits 
of  which  are  exceedingly  naiTow  in  soft  wrought  iron,  but  somewhat  wider  in  hard 
iron,  common  steels,  and  nickel,  seems  to  extend,  iu  manganese  steel,  up  to  the 
strongest  force  we  have  been  able  to  apply. 


Nickel. 

§  35.  Two  specimens  of  nickel,  supplied  by  Messrs.  Johnson  and  Matthev,  have 
been  tested.  The  first  was  cut  from  a  bar  previously  used  in  examining  the  perme¬ 
ability  of  nickel  when  in  a  state  of  compression  under  the  action  of  ordinarily  weak 
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magnetising  forces.*  It  contained  about  075  per  cent,  of  iron.  The  bar  was 
annealed  and  was  built  into  a  bobbin  with  wrought  iron  cones,  and  the  neck  was 
turned  down  to  a  diameter  of  4  mm.  (fig.  18). 


Fig.  18. 


Table  XIII. — Annealed  Nickel  (075  per  cent,  of  Iron). 


Outside  field. 

i8. 

S3  —  outside  field 

dTT 

outside  field 

3,450 

9,850 

510 

2-86 

6,420 

12,860 

510 

2  00 

8,630 

15,260 

530 

177 

11,220 

17,200 

480 

1-53 

12,780 

19,310 

520 

1-51 

13,020 

19,800 

540 

1-52 

Here  3  is  sensibly  constant,  with  a  mean  value  of  515,  of  which  about  160  was 
residual. 

§  36.  The  second  samjDle  was  a  hard-drawn  wire,  not  annealed  before  testing,  which 
contained  less  iron  than  the  other  (0‘56  per  cent.).  Perhaps  for  this  reason,  the  value 
of  3  in  it  was  less.  The  nickel  formed  the  central  spindle  of  a  bobbin  with  wrought 
non  cones,  and  with  a  neck  57  mm.  in  diameter. 


Table  XIV. — Hard-drawn  Nickel  (0'56  per  cent,  of  Iron) 


Outside  field. 

SB. 

33  —  outside  field 

SS 

47r 

outside  field 

2,220 

7,100 

390 

3'20 

4,440 

9,210 

380 

2-09 

7,940 

12,970 

400 

1-63 

14,660 

19,640 

400 

1-34 

16,000 

21,070 

400 

1-32 

*  Ewing,  “Magnetic  Qualities  of  Nickel,  Supplementary  Paper,”  ‘  Pliil.  Trans.,’  A,  1888. 
MBCCCLXXXIX. — A.  2  I 
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CohalL 

§  37.  Lastly,  a  piece  of  cobalt  was  tested  wliich  was  cut  from  a  cast  bar  supplied  by 
Messrs.  Johnson  and  Matthey,  and  turned  to  form  the  centre  of  a  bobbin  with 
wrought  iron  cones  (fig’.  19),  and  with  a  neck  4 '4 8  mm.  in  diameter.  It  was  found  to 
contain  1’66  per  cent,  of  iron. 

Fig.  19. 


Table  XV.— -Cobalt. 


Outside  field. 

SB  —  outside  field 

SB 

47r 

outside  field 

1,3.50 

16,000 

1260 

12-73 

4,040 

18,870 

1280 

4-98 

8,930 

23,890 

1290 

2-82 

14,990 

.30,210 

1310 

2-10 

It  appears  from  this  that  the  saturation  value  of  3  for  this  specimen  of  cobalt  is 
about  1300,  or  a  little  greater  than  the  value  we  have  found  for  cast  iron.  In  the 
second,  third,  and  fourth  of  these  observations  the  residual  magnetism  was  sensibly 
constant  ('S,.  =  1260)  ;  in  the  first  it  was  a  little  less. 


§  38.  We  may  conclude  that  under  sufficiently  strong  magnetising  forces  the 
intensity  of  magnetisation  (3)  reaches  a  constant,  or  very  nearly  constant,  value  in 
wu’ought  iron,  cast  iron,  most  steels,  nickel,  and  cobalt.  The  magnetic  force  at  which 
3  may  be  said  to  become  practically  constant  is  less  than  2000  c.g.s.  units  for 
Avrought  ii’on  and  nickel,  and  less  than  4000  for  cast  iron  and  cobalt.  In  stronger 
fields,  the  relation  of  magnetic  induction  to  magnetic  force  may  be  expressed  by  the 
formula 

53  =  +  constant. 

For  the  particular  specimens  we  have  tested,  the  value  of  this  constant  (Itt^)  is  about 
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21,360  ill  wrought  iron,  15,580  in  cast  iron,  5030  and  6470  in  nickel,  and  16,300  in 
cobalt. 

The  experiments  give  a  definite  meaning  to  the  term  “  saturation,”  as  a})plied  to 
magnetic  state.  When  magnetisation  is  measured  by  the  induction  ^■13,  the  term 
saturation  is  inapplicable  ;  there  is  apparently  no  limit  to  the  value  to  which  the 
induction  may  be  raised.  But,  when  we  measure  magnetisation  by  the  intensity  of 
magnetism  3,  we  are  confronted  with  a  definite  limit — a  true  saturation  value,  which 
is  reached  or  closely  approached  by  the  application  of  a  comparatively  moderate 
magnetic  force.  There  is  nothing  to  show  that  the  approach  to  tins  limit  is  not 
asymptotic  ;  but  in  wrought  iron  it  is  practically  reached  before  the  magnetic  force 
rises  to  2000  c.g.s.,  and  after  that  a  ten-fold  increase  in  the  force  produces  no  material 
change  in  the  intensity  of  magnetism. 

Eig.  20. 


§  39. — The  results  are  further  summarised  in  fig.  20,  in  which  Howland’s  curve, 
showing  the  relation  of  the  permeability  p,  to  the  induction  is  drawn  from  the  data 
supplied  by  the  experiments  on^ — 
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(1)  Swedish  wrought  iron  (Table  V.). 

(2)  Vickers’  tool  steel  (Table  X.). 

(3)  Cobalt  (Table  XV.). 

(4)  Cast  iron  (Tables  VII.  and  VIII.  The  points  taken  from  Table  VII.  are 
marked  thus,  X,  and  those  from  Table  VIII.  thus,  ©.). 

(5)  Annealed  nickel  with  0'75  per  cent,  of  iron  (Table  XIIL). 

(6)  Hard-drawn  nickel  with  0‘56  per  cent,  of  iron  (Table  XIV.). 

(7)  Hadeield’s  manganese  steel  (Table  XII.). 

If  the  magnetic  force  instead  of  the  induction  33,  had  been  taken  as  abscissa,  the 
curves  (with  the  exception  of  those  relating  to  Vickers’  steel  and  manganese  steel) 
would  have  sensibly  lain  upon  rectangular  hyperbolas  with  <§  =  0  and  p,  =  1  for 
asymptotes. 
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[Plate  8.] 

Introduction. 

Although  for  both  theoretical  and  practical  purposes  it  is  important  to  know  the 
amount  of  light  reflected  from  the  surface  of  glass,  and  the  loss  which  light  suffers 
in  passing  through  glass,  but  few  accurate  experiments  appear  to  have  been  made  on 
this  subject. 

Dr.  PoBiNSON,  in  the  report  on  the  Melbourne  telescope  (‘Phil.  Trans.,’  1869,  p.  127), 
gives  an  account  of  experiments  made  by  Lord  Rosse,  Mr.  Grubb,  and  himself  to 
determine  the  amount  of  light  transmitted  by  telescopic  object  glasses,  and  through 
various  kinds  of  flint  and  crown  glass  ;  he  states  that  Lord  Rosse’s  and  Mr.  Grubb’s 
experiments  were  made  with  a  Bunsen’s  photometer,  and  his  own  with  a  Zollner’s 
photometer.  Dr.  Robinson  assumed  the  truth  of  Fresnel’s  formulse,  and  then 
calculated  the  values  of  the  extinction  coefficients  from  the  expression 

n  —  (log  —  log  I)/(^  X  modulus),  where  I  is  the  intensity  of  the  emergent  light, 
t  the  thickness  of  the  glass,  and  p®  the  coefficient  giving  the  amount  which  escapes 
reflection  at  the  two  surfaces. 

Mr.  Rood  published  in  the  ‘American  Journal  of  Science’  for  1870  (vol.  50,  p.  1) 
an  account  of  some  observations  he  had  made,  with  a  modification  of  Bunsen’s 
photometer,  of  the  loss  which  light  suffers  in  passing  through  crown  glass.  He  states 
that  the  formula)  for  reflection  were  originally  given  by  Young,  and  obtained  subse¬ 
quently  by  Poisson  and  Fresnel,  but  believes  that  no  accurate  experiments  have 
ever  been  made  to  test  their  truth.  He  used  two  plates  of  glass,  '15  mm.  and 
1'677  mm.  thick,  and  assumed  that  with  such  thin  plates  the  loss  of  light  was 
practically  entirely  due  to  reflection.  Fie  found  that  with  one  plate,  of  which  the 
index  was  1'5236,  and  which  therefore  should  have  transmitted  91 '736  per  cent,  of 
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the  incident  light,  91 ‘440  per  cent,  actually  passed  through;  and  with  the  other,  of 
which  the  index  was  1'5225,  91 ‘155  w'as  transmitted,  instead  of  91 '763. 

Vogel  published  in  the  ^Berliner  Monatsberichte ’  for  1877  (jd.  138)  some  deter¬ 
minations  of  the  absorption  of  crown,  and  of  two  kinds  of  flint,  glass  for  different 
parts  of  the  spectrum,  but  states  that,  as  the  three  glasses  were  not  ecpially  well 
polished,  no  conclusion  can  be  drawn  as  to  their  relative  merits. 

M.  Allaud  (“  L’Intensite  des  Phares,”  ‘  Annales  des  Pouts  et  Chaussees,’  1876, 
p.  31)  states  that  the  absorption  of  light  by  the  glass  which  it  passes  through  is  given 
“  par  une  formule  exponentielle,  mais  on  pent  sans  grande  erreur  la  supposer  propor- 
tionelle  a  I’epaisseur  et  I’evaluer  a  raison  de  0'03  par  centimetre  de  verre  traverse,” 
but  does  not  give  an  account  of  any  experiments  made  to  determine  the  amount 
absorbed. 

Since  the  experiments  described  in  this  paper  were  commenced  Lord  Rayleigh  has 
published  (‘Roy.  Soc.  Proc.,’  vol.  41,  p.  275)  an  account  of  some  determinations  he 
has  made  of  the  intensity  of  the  light  reflected  from  glass  at  a  nearly  perpendicular 
incidence ;  he  came  to  the  conclusion  that  “  recently  polished  glass  surfaces  have  a 
reflecting  power  differing  not  more  than  1  or  2  per.  cent,  from  that  given  by  Fresnel’s 
formula ;  but  that  after  some  months  or  years  the  reflection  may  fall  off  from  1 0  to 
30  per  cent.,  and  that  without  any  apparent  tarnish.” 

The  experiments  of  which  I  have  the  honour  of  presenting  an  account  to  the  Royal 
Society  were  commenced  in  order  to  determine,  if  possible,  the  amount  of  light  lost  by 
transmission  tln-ough  glass,  without  assuming  the  truth  of  the  formulm  for  reflection, 
and  also  to  determine  experimentally  the  amount  reflected  from  the  surface  of  the 
glass. 

It  was  thought  that  one  way  in  which  this  might  be  effected  would  be  by  taking 
plates  of  the  same  kind  of  glass,  but  of  different  thicknesses,  and  observing  the 
amount  of  light  which  passed  through ;  the  reflection  from  the  first  surface  would  be 
the  same  in  all  cases,  whilst  that  from  the  second  would  only  differ  slightly  in  amount, 
as,  owing  to  the  increased  absorption  of  the  thicker  pieces,  less  light  would  reach  the 
second  surface ;  but,  the  absorption  being  small,  and  photometric  methods  not  very 
exact,  it  was  thought  that  this  would  hardly  produce  any  sensible  difference  in  the 
results. 

It  was  also  hoped  that  it  might  be  found  j^ossible  to  determine  the  reflected  light 
directly,  since,  as  Lord  Rayleigh  has  pointed  out  {Joe.  cit.)  with  reference  to  Professor 
Rood’s  experiments,  any  error  in  the  measured  amount  of  the  light  transmitted  would 
give  rise  to  a  very  much  greater  error  in  the  estimated  amount  of  the  reflected  light. 
This  wms  subsequently  accomplished  by  measuring  the  relative  intensities  of  the 
illumination  produced  by  two  Argand  gas  flames,  when  the  light  from  both  fell  directly 
on  the  photometric  surfaces,  and  when  the  light  from  one  fell  directly,  whilst  that 
from  the  other  reached  the  photometer  after  reflection  from  the  surface  of  a  piece  of 
glass. 
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Experiments  were  also  made  to  ascertain  whether  repolishing  altered  in  any  way 
the  reflective  power  of  the  glass  ;  and  the  polarising  angles  before,  and  after,  repolisli- 
ing  were  also  determined. 

The  observations  were  made  with  five  plates  of  Messrs.  Chance’s  “lighthouse” 
glass,  for  which  the  author  is  indebted  to  Mr.  Kenwahd,  the  plates  being  G‘5  mm., 
ir5  mm.,  15  mm.,  18 '5  mm.,  and  24 ’3  mm.  thick  respectively,  and  with  different 
thicknesses  of  Messrs.  Field’s  ordinary  dense  flint.”  A  block  of  this  glass  was 
procured  from  Mr.  Hilger,  by  whom  a  slice  7  mm.  thick  was  cut  off  and  polished, 
and  then  the  remainder  of  the  piece  formed  into  a  rectangular  block  measuring 
9r3  mm.  X  69 '5  mm.  X  49  mm.,  and  the  six  faces  carefully  polished. 

Some  measurements  were  also  made  with  a  piece  of  ordinary  plate  glass  6  mm. 
thick. 

The  ordinary  plate  glass  v^as  green  when  seen  edgewise,  Messrs.  C^hance’s  glass 
was  slightly  green  when  viewed  in  the  same  manner,  and  the  flint  glass  was  distinctly 
yellow  by  daylight. 

Mr.  Ken  ward  states  that  “  the  lighthouse  glass  is  of  a  special  mixture,  varying 
slightly  from  time  to  time ;  it  is  of  the  nature  of  hard  crown  glass.”  The  average 
refractive  index  for  the  sodium  line  of  Messrs.  Chance’s  hard  crown  is  stated  by  them 
to  be  1‘5172,  and  of  their  soft  crown  1’5146  ;  and  in  a  letter  which  accomjianied  the 
glass  its  index  was  said  to  be  “about  1’51  or  1'52.” 

The  refractive  indices  for  the  sodium  line  of  the  crown  glass,  the  flint  glass,  and 
the  plate  glass  used  in  these  experiments  were  determined  in  the  ordinary  way  with 
small  prisms  made  of  each  kind  of  glass  by  Mr.  Hilger  ;  the  values  found  were  : — 

Crown  glass .  1'5145, 

Flint  glass .  1'6330, 

Plate  glass .  1'5274. 

The  indices  of  the  crown  and  plate  glass  were  also  determined  witli  the  wedges  of 
these  two  kinds  of  glass  used  for  the  reflection  experiments ;  that  for  the  crown  was 
found  to  be  1‘5137,  and  of  the  flint  1'6385  ;  the  refracting  angles  of  these  two  wedges 
heing  only  9°  39'  45”  and  9°  51'  19”,  whilst  those  of  the  small  prisms  were  59°  45'  19” 
and  59°  45'  17”,  it  seemed  probable  that  the  values  obtained  with  the  latter  were 
the  most  accurate,  and  they  were  therefore  taken  as  the  true  values  of  the  indices. 

The  account  of  the  exj)eriments  is  given  in  Part  I.,  and  the  results  deduced  from 
them  in  Part  II.,  the  account  of  the  experiments  being  divided  into  six  sections  : — 
1.  Amount  of  light  transmitted.  2.  Amount  of  light  reflected  at  a  nearly  perpen¬ 
dicular  incidence.  3.  Amount  of  light  reflected  at  a  nearly  perpendicular  incidence 
after  repolishing.  4.  Amount  of  light  reflected  at  various  incidences  between  0°  and 
90°  by  the  crown  glass  before  and  after  repolishing.  5.  Amount  of  light  transmitted 
after  repolishing.  6.  Values  of  the  polarising  angles  before  and  after  repolishing. 
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Part  I. 

Section  I. — Determination  of  the  Amount  of  Light  Transmitted. 

A  photometric  arrangement  similar  to  the  one  described  in  Pickering’s  ‘  Physical 
Manipulations,’  vol.  1,  p.  132,  was  used  for  the  greater  number  of  these  determina¬ 
tions  (see  Plate  8,  fig.  1).  Two  similar  pieces  of  looking  glass  125  mm.  X  125  mm. 
were  fixed  vertically  at  the  ends  of  a  horizontal  board  rather  more  than  2  metres  long 
and  27  cm.  wide,  the  mirrors  being  2  metres  apart ;  a  small  Argand  gas  burner,  giving 
a  flame  15  mm.  in  diameter,  was  fixed  opposite  the  middle  point  of  the  line  joining 
the  centres  of  the  mirrors,  and  at  a  horizontal  distance  of  20  cm.  from  the  line ;  the 
mirrors  were  so  adjusted  that  they  reflected  the  light  of  the  lamp  towards  each  other. 

A  block  of  wood,  resting  on  four  small  metal  rollers  and  guided  by  two  strips  of 
wood  fixed  7 ‘8  cm.  apart  on  the  upper  surface  of  the  horizontal  board,  carried  the 
photometer ;  an  index  was  fixed  to  the  wood  block,  and  a  scale,  divided  into  milli¬ 
metres,  to  the  board,  the  zero  being  at  one  of  the  mirrors. 

The  photometer  of  which  a  description  was  given  in  ‘  Poy.  Soc.  Proc.,’  vol.  35, 
p.  27,  and  ‘Phil.  Mag.,’  series  5,  vol.  15,  p.  423,  was  used  (Plate  8,  fig.  1a);  it  con¬ 
sisted  essentially  of  two  pieces  of  white  paper  so  placed  that,  whilst  each  was 
illuminated  by  one  only  of  the  two  lights  to  be  compared,  both  were  visible  to  the 
observer.  Three  pieces  of  wood  were  screwed  to  the  block,  and  between  these  the 
photometer  was  placed  ;  this  arrangement,  whilst  permitting  the  photometer  to  be 
reversed,  so  that  the  light  from  each  of  the  two  mmrors  could  be  made  to  fall  first  on 
the  one  and  then  on  the  other  paper,  ensured  its  always  being  replaced  in  the  same 
position. 

The  whole  arrangement  was  optically  equivalent  to  two  exactly  similar  sources  of 
light  which  always  retained  the  same  relative  intensity,  and  were  at  a  distance  apart 
of  a  little  more  than  twice  the  distance  between  the  two  mirrors. 

A  wooden  screen  was  placed  between  the  lamp  and  the  observer,  and,  in  order  to 
cut  off  stray  light  reflected  from  the  horizontal  board,  screens,  with  apertures  in 
them  rather  larger  than  the  apertures  in  the  photometer  box,  were  placed  on  either 
side  of  it,  and  between  it  and  the  mirrors ;  the  edges  of  the  apertures  in  the  screens 
being  formed  of  metal  filed  to  a  feather  edge,  and  then,  together  with  all  the  wood 
work,  painted  a  dead  black. 

Assuming  that  the  two  sides  of  the  Argand  flame  were  equally  bright,  that  the 
reflective  powers  of  the  two  looking  glasses  were  equal,  and  that  there  was  no  stray 
light,  or  at  least  that  there  was  an  equal  amount  from  either  side,  then  at  a  point 
midway  between  the  two  mirrors  the  intensities  of  the  light  reflected  from  the  mirrors 
’would  necessarily  have  been  equal,  and,  in  order  to  determine  the  amount  of  light 
which  passed  through  any  transparent  substance,  it  would  merely  have  been  necessary 
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to  interpose  the  substance  in  question  between  one  of  the  mirrors  and  the  photometer, 
and  determine,  by  means  of  the  photometer,  the  new  position  of  equality. 

But,  as  such  assumptions  might  be  erroneous,  the  experiments  were  actually  made  in 
the  following  manner  : — First,  the  glass  plate  was  fixed  on  one  side  of  the  photometer, 
whose  position  was  altered  until  both  papers  appeared  equally  bright ;  six  readings 
having  been  thus  made,  the  glass  was  then  placed  on  the  other  side,  and  six  more 
readings  made.  The  glass  was  then  replaced  in  its  original  position,  and  six  more 
readings  made,  and  so  on.  After  thirty-six  readings  the  photometer  was  reversed, 
and  another  set  of  thirty-six  readings  made  in  the  same  manner.  In  making  the 
readings,  the  photometer  was  first  placed  too  much  to  the  right,  and  then  moved  to 
the  left  till  the  point  at  which  the  illumination  was  equal  was  reached  ;  it  was  then 
pushed  to  the  left,  and  gradually  moved  back  to  the  right,  till  the  papers  appeared 
equally  bright,  being  thus  brought  to  the  position  of  equality  alternately  from  one 
side  and  from  the  other. 

In  order  to  prevent  the  possibility  of  any  light  reflected  from  the  edges  of  the 
plates  reaching  the  photometer,  the  plates  were  placed  either  close  to  it  or  close  to 
one  of  the  screens.  For  two  sets  of  readings  the  glass  was  placed  against  the  opening 
in  the  box  enclosing  the  photometer,  and  for  one  set  against  the  opening  in  the 
screen,  except  in  the  case  of  the  thick  piece  of  flint  glass,  which  was  too  large  and 
heavy  to  be  carried  by  the  block  on  which  the  photometer  rested,  and  which  was 
therefore  always  placed  against  one  of  the  screens.  The  position  of  the  glass  made 
no  ditterence  in  the  measurements. 

The  percentage  transmitted  of  light  falling  upon  the  glass  was  calculated  in  the 
following  manner:  —  Half  the  difiPerence  between  the  means  of  each  set  of  six  observa¬ 
tions  with  the  plate  on  either  side  of  the  photometer  was  taken  ;  half  the  distance 
between  the  two  mirrors,  plus  or  minus  this  quantity,  together  with  the  distance 
between  the  lamp  and  the  mirrors,  gave  the  two  distances  from  the  lamjo  at  which 
there  was  equality  of  illumination.  The  mirrors  being  200  cm.  apart  and  the  lamp  at  a 
horizontal  distance  of  20  cm,  from  the  middle  of  the  line  which  joined  their  centres, 
the  half  difference  wms  added  to  or  subtracted  from  202.^^ 

Calling  these  distances  a  and  6,  a  being  the  lesser,  a  correction  x  had  to  be  made  in 
the  value  of  a  for  the  optical  shortening  of  the  path  of  the  light  due  to  its  passage 
through  the  glass;  this  was  calculated  by  the  ordinary  formula  x  =  e{l  —  l/bi), 
where  e  is  the  thickness  of  the  plate,  and  n  its  refractive  index,  the  distance  of  the 
lamp  from  the  glass  being  sufliciently  great  to  allow  the  formula  for  perpendicular 
incidence  to  be  used  without  introducing  any  sensible  error. 

The  percentage  amount  of  light  transmitted  was  given  by  the  expression 
100  [a -xflb\ 

*  Strictly  speaking,  the  geometrical,  and  not  the  arithmetical,  mean  of  the  readings  should  have  been 
taken,  as  the  intensity  of  light  vai-ies  inversely  as  the  square  of  the  distance.  Calling  the  two  sources  of 
light,  to  which  the  lamp  and  mirrors  were  equivalent,  m  and  n,  and  the  distance  between  them  x,  the 
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The  surfaces  of  the  glass  plates  were  always  cleaned  with  a  wash-leather  imme¬ 
diately  before  the  plates  were  used,  but,  in  order  to  ascertain  whether  this  was 
sulhcient,  a  number  of  readings  were  made  with  a  piece  of  plate  glass  treated  in  this 
way,  and  then  the  plate  was  cleaned  with  strong  nitric  acid,  washed  with  water, 
with  alcohol,  and  again  with  water,  dried  with  a  clean  cloth,  and  finally  rubbed  with 
a  wash-leather.  The  means  of  the  twelve  readings  made  immediately  before,  and 
immediately  after,  the  plate  had  been  so  treated  were  identical. 

Table  I.  gives  the  readings  made  with  the  24’3  mm.  plate  of  crown  glass.  The 
observations  made  with  the  other  pieces  of  glass  were  about  as  concordant. 


two  positions  of  the  photometer  in  which  there  is  equality  x-^  and  x^,  and  the  coefficient  of  transparency 
for  the  i^articular  piece  of  glass  t,  then 


then 


mlc 


(a:  — 


h  - 


and 


nh 


m  {x  — 

7,2 _ x-^^  (x 

x,^  {x  —  .rj)-  ’ 

7.  _  H  {x  —  x„) 


(X  —  X2)^ 

and7.=  llihJZi^, 


nxc,- 


{x  aq} 


The  difference,  however,  between  the  values  of  h  obtained  by  taking’  the  quotient  of  the  squares  of  the 
geometrical  means  of  the  readings,  and  by  taking  the  quotient  of  the  squares  of  the  arithmetical  means, 


+  (x  —  aolX 


.*3  +  (x  —  *1) 

2 


was  very  small,  and,  as  the  readings  themselves  could  not  be  made  with  any  very  great  degree  of 
accuracy,  the  simpler  pi’ocess  was  used  for  calculating  out  the  results. 
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Table  I. 


A. 

cm. 

cm. 

cm. 

cm. 

cm. 

cm. 

97T 

110-8 

96-1 

110-4 

96-1 

109-6 

97-3 

111-1 

96-8 

110-2 

96-8 

110-0 

96-0 

110-4 

96-7 

109-6 

965 

109-3 

96-3 

111-2 

96-4 

109-8 

96-5 

110-6 

96-3 

109-8 

95-9 

109-3 

95-8 

109-5 

96-7 

110-7 

96-5 

110-0 

95-8 

109-7 

Mean  96-6 

110-7 

96-4 

109-9 

96-2 

109-8 

B. 

94-3 

lOG-3 

93-5 

107-2 

94-6 

107-1 

94-2 

107-3 

94-2 

106-4 

94-5 

106-7 

93-6 

106-5 

93-7 

106-5 

94-0 

107-1 

94-2 

106-8 

93-6 

106-9 

94-3 

107-5 

94-0 

106-8 

94-1 

106-8 

94-4 

106-8 

94-4 

106-9 

94-8 

106-1 

94-4 

107-1  ; 

Mean  94-1 

106-7 

94-0 

106-3 

94-4 

107-0 

Table  II.  gives  the  mean  readings  (1st  column),  their  half  difierences  (2nd),  the 
values  oi  a  —  X  and  h  (3rd  and  4th),  and  the  percentage  amount  of  light  transmitted 
(5th),  A  and  B  being  the  readings  made  in  the  two  positions  of  the  photometer. 
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Table  II. 


Crown  Glass.  6 ’5  mm.  plate,  x  =  2  mm. 


A. 

1  Eeadings. 

Half 

differences. 

a  —  X. 

b. 

Percentage  of 
light  transmitted. 

Percentage  of 
light  transmitted, 
i^lean  of  A  and  B 

1  cm. 

cm. 

977-J06-1 

4-2 

197-6 

206-2 

91-84 

97-1-106-.3 

4-6 

197-2 

206-6 

91-11 

967-105-4 

4-3 

197-5 

206-3 

91-65 

1 

91-53 

1 

B. 

94- 7-1 03-4 

4-3 

197-5 

206-3 

91-65 

95-1-104-0 

4-4 

197-4 

206-4 

91-47 

95-1-104-1 

4-5 

197-3 

206-5 

91-29 

91-47 

91-50 

Crown  Glass.  11 '5  mm.  plate,  x  —  A  mm. 


A. 

Eeadings. 

Half 

differences. 

a  —  a\ 

h. 

Percentage  of 
light  transmitted. 

Percentage  of 
light  transmitted. 
Mean  of  A  and  B. 

cm. 

cm. 

96-2-106-3 

5-0 

196-6 

207-0 

90-20 

96-3-106-4 

5-0 

196-6 

207-0 

90-20 

96  3-106-4 

5-0 

196-6 

207-0 

90-20 

96-4-106-5 

5-0 

I96-6 

207-0 

90-20 

90-20 

B. 

94-1-104-9 

5-4 

196-2 

207-4 

89-49 

94-4-104-6 

5-1 

196-5 

207-1 

90-02 

94-4-105-1 

5-3 

196-3 

207-3 

89-67 

95-3-104-9 

4-8 

196-8 

206-8 

90-56 

89-93 

o 

o 
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Crown  Glass. 


15  mm.  plate,  a;  =  5  mm. 


A. 

Eeadings. 

Half 

differences. 

a  —  X. 

b. 

Percentage  of 
light  transmitted. 

Percentage  of 
light  transmitted. 
Mean  of  A  and  B. 

cm. 

cm. 

95-5-107-1 

5-8 

1957 

207-8 

88-69 

95-8-106'9 

6-5 

I960 

207-5 

89-22 

95-6-106'6 

5-5 

196-0 

207-5 

89-22 

89-04 

B. 

94-3-104-9 

6-.3 

196-2 

207-3 

89-58 

94-0-105-2 

5*6 

195-9 

207-6 

89-04 

94-2-105-4 

5-6 

195-9 

207-6 

89-04 

89-22 

89-13  . 

Crown  Glass.  18 '5  mm.  plate,  x  =  Q  mm. 


A. 

Eeadiogs. 

Half 

differences. 

a  —  X, 

b. 

Percentage  of 
light  transmitted. 

Percentage  of 
light  transmitted. 
Mean  of  A  and  B. 

cm. 

cm. 

97-1-108-7 

5-8 

195-6 

207-8 

88-60 

96-7-109-0 

6-1  ' 

195-3 

208-1 

88-08 

96-2-108-1 

5-9 

195-5 

207-9 

88-43 

88-37 

B. 

94-7-105-8 

5-5 

195-9 

207-5 

89-13 

94-6-IO6-4 

5-9 

195-5 

207-9 

88-13 

94-6-106-4 

5-9 

195-5 

207-9 

88-43 

88-66 

88-51 
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Crown  Glass.  24 ’3  mm.  plate,  a;  =  8  mm. 


A. 

Eeadings. 

Half 

difierences. 

a  —  X. 

b. 

Percentage  of 
light  transmitted. 

Percentage  of 
light  transmitted. 
Mean  of  A  and  B. 

cm. 

96-6-II07 

96-4-I09-9 

96-2-I09-8 

cm. 

7-0 

G7 

6-8 

194-2 

194-5 

194-4 

209-0 

208-7 

208-8 

86-34 

86-86 

86-68 

86-63 

B. 

94T-I06-7 

6-3 

194-9 

208-3 

87-55 

94‘0-I06R 

GT 

I95-I 

208-1 

87-90 

94'4-I07-0 

G-3 

194-9 

208‘3 

87-55 

87-70 

87-16 

Flint  Glass.  7  mm.  plate,  x  =  S  mm. 


A. 

> 

Eeadings. 

Half 

differences. 

Cl  —  O’, 

b. 

Percentage  of 
light  transmitted. 

Percentage  of 
light  transmitted. 
Mean  of  A  and  B. 

cm. 

cm. 

95-8-108-4 

6'3 

195-4 

208-3 

88-00 

96-2-108-1 

6-0 

195-7 

208-0 

88-52 

96-1-107-1 

5-5 

196-2 

207-5 

89-40 

96-5-108-1 

5-8 

195-9 

207-8 

88-87 

88-70 

B. 

93-5-105-0 

5-7 

196-0 

207-7 

89-05 

94-0-105-4 

5-7 

196-0 

207-7 

89-05 

94-2-105-5 

5-7 

I960 

207-7 

89-05 

94-3-106-1 

5-9 

195-8 

207-9 

88-70 

88-94 

88-83 
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Flint  Glass.  49  mm.  thick,  a?  =  19  mm. 


A. 

Eeaclings. 

Half 

differences. 

a  —  X. 

b. 

Percentage  of 
light  transmitted. 

Percentage  of 
light  transmitted. 
Mean  of  A  and  B. 

cm. 

cm. 

94-5-I09-2 

7-3 

192-8 

209-3 

84-85 

94-5-I09-0 

7'2 

192-9 

209-2 

85  02 

94-9-I09-0 

7-0 

I93-I 

209-0 

85^36 

95-3-I09-2 

6-9 

193-2 

208-9 

85-53 

85-19 

B. 

93-I-I06-8 

6-8 

193-3 

208-8 

85-70 

93-3-I07-4 

7-0 

193-1 

209-0 

85-36 

93-I-107-0 

6-9 

193-2 

208-9 

85-53 

:  93-9-I07-3 

6-7 

193-4 

208-7 

85-88 

85-62 

85-40 

Flint  Glass.  69 '5  mm.  thick,  a:  =  27  mm. 


A. 


Beading?. 

Half 

differences. 

Ct  —  X. 

b. 

Percentage  of 
light  transmitted. 

Percentage  of 
light  transmitted. 
Mean  of  A  and  B. 

cm. 

cm. 

93-1-110-3 

8’6 

190-7 

210-6 

81-99 

93-5-1]  0-3 

8-4 

190-9 

210-4 

82-32 

93-6-110-4 

8-4 

190-9 

210-4 

82-32 

82-21 

B. 

92-5-108-9 

8-2 

191-1 

210-2 

82-65 

92-9-108-9 

8-0 

191-3 

210-0 

82-98 

1  93-1-109  0 

7-9 

1914 

209-9 

83-15 

1 

i 

82-93 

82-57 
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Flint  Glass. 


91 '3  mm.  thick,  x  =  S5  mm. 


1 

A. 

Eeadings. 

Half 

differences. 

a  —  X. 

b. 

Percentage  of 
light  transmitted. 

Percentage  of  1 
light  transmitted. 
Mean  of  A  and  B.j 

1 

cm. 

cm. 

1 

927-110-6 

8-9 

189-6 

210-9 

80-82 

1 

92-9-110-9 

9-0 

189-5 

211-0 

80-66 

i 

93-1-110-7 

8-8 

189-7 

210-8 

80-98 

80-82 

B. 

1 

91-6-110-1 

9-2 

189-3 

211-2 

80-34 

92-0-110-2 

9-1 

189-4 

211-1 

80-50 

92-3-109-8 

8-7 

189-8 

210-7 

81-15 

i 

80-66 

80-74 

Three  plates  of  6  mm.  Crown  Glass.  Cemented  together,  x  =  6  mm. 


A. 

1 

Eeadings. 

1 

Half 

differences. 

a  —  x» 

h. 

1 

Percentage  of  j 
light  transmitted. 

cm. 

cm. 

' 

96-2-108-6 

6-2 

195-2 

208-2 

87-90  1 

96-3-108-4 

6-0 

195-4 

208-0 

88-25 

96-3-108-6 

6-1 

195-3 

208-1 

88-08 

i 

88-08 

AND  TRANSMITTED  BY  CERTAIN  KINDS  OF  GLASS. 


257 


Ordinary  Plate  Glass.  6  mm.  thick. 


A. 

Readings. 

1 

1 

Half 

differences. 

a  —  J7. 

b. 

Percentage  of 
light  transmitted. 

1 

Percentage  of  j 
light  transmitted.' 
Mean  of  A  and  B. 

1  cm. 

cm. 

94-9-I08-4 

6-7 

195T 

208-7 

87-39 

94-9-I08'4 

6-7 

195  I 

208-7 

87-39 

1  94'9-108‘6 

68 

195-0 

2U8-8 

87-22 

1 

i 

87-33 

B. 

1  94-4-I07-3 

6'4 

195-4 

208-4 

87-91 

94-4-I07-0 

6’3 

195-7 

208-3 

87-91 

1  94-1-106-9 

i 

6’4 

195-4 

208-4 

88-27 

88-02 

87-68 

These  determinations  were  carefully  made,  and  the  results  are  fairly  concordant ;  as, 
however,  this  agreement  was  not  inconsistent  with  the  existence  of  a  constant  source 
of  error,  it  appeared  desirable  to  repeat  some  of  them  by  a  different  method. 

A  polarising  photometer  was,  therefore,  set  up  (Plate  8,  fig.  2),  consisting  of  two 
Nicols  and  a  right-angled  prism  ;  the  Nicols,  which  were  furnished  wdth  divided  circles 
and  verniers  reading  to  1°,  were  placed  in  the  same  straight  line,  and  about  30  cm. 
apart,  the  right-angled  prism  being  between  them,  and  so  placed  that  the  field  of 
view  of  the  analysing  Nicol  was  bisected  vertically  by  the  edge  of  the  prism. 

Two  pieces  of  white  paper  were  fixed  in  vertical  planes  at  right  angles  to  one 
another,  both  being  illuminated  by  a  small  Argand  gas  burner ;  one  was  seen  directly 
through  the  two  Nicols,  and  the  other,  through  the  analyser  only,  by  reflection  in  the 
prism.  A  blackened  diaphragm  was  fixed  between  the  prism  and  the  second  piece  of 
paper,  the  aperture  being  of  the  same  apparent  size  as  the  circular  diaphragm  of  the 
polarising  Nicol. 

On  looking  through  the  analysing  Nicol  a  circular  white  field  was  seen,  bisected 
vertically,  the  two  halves  being  usually  of  unequal  brightness.  On  rotating  the 
analyser  one  half  of  the  field  (that  due  to  the  reflection  of  the  second  paper  in  the 
prism),  remained  unchanged,  whilst  the  other  varied  in  brightness,  being  quite  dark  in 
two  positions  (when  the  Nicols  were  “  crossed  ”).  There  were,  of  course,  four  positions 
of  the  analyser  in  which  the  two  halves  of  the  field  appeared  equally  illuminated. 
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The  light  reflected  by  the  right-angled  prism  was  examined  with  a  double-image 
prism  and  a  plate  of  selenite,  and  was  found  to  be  completely  unpolarised. 

The  observations  were  made  by  first  determining  the  position  of  the  analyser  in 
v/hich  the  field  appeared  equally  bright  throughout ;  then  the  plate  of  glass  to  be 
examined  was  placed  between  the  right-angled  prism  and  the  white  surface,  and  the 
new  position  of  the  analyser,  in  which  there  was  equality  of  illumination,  observed. 
As  the  intensity  of  the  light  which  traversed  the  two  Nicols  varied  as  the  square  of 
the  cosine  of  tlie  angle  between  their  principal  sections,  the  percentage  amount  trans¬ 
mitted  by  the  glass  was  given  by  100  X  cos^a'/cos^a,  where  a  is  the  angle  between 
the  principal  sections  of  the  Nicol,  when  the  field  was  uniformly  bright  without  the 
glass,  and  ct  ^^^hen  it  was  interposed. 

The  analysing  Nicol  was  first  rotated  “  clockwise,”  and  readings  made  in  each  of 
the  four  quadrants  of  the  position  in  which  the  two  halves  of  the  field  appeared 
equally  illuminated ;  the  Nicol  was  then  rotated  “  counter-clockwise,”  and  four 
similar  readings  made,  the  mean  of  the  eight  readings  being  taken  as  the  true 
position.  The  glass  was  then  interposed  between  the  diaphragm  and  the  reflecting 
prism,  and  eight  readings  of  the  new  position  of  the  analyser,  in  which  there  was 
equality,  made  in  the  same  way. 

To  determine  the  light  transmitted  by  each  piece  of  glass,  four  sets  of  eight 
^observations  were  made  without  the  glass,  and  four  sets  with  it.  Table  III.  giv^es 
the  first  set  of  each  for  the  6 '5  mm.  plate  of  crown  glass  ;  the  other  sets  were  about 
as  concordant. 

Table  III. 

Without  Glass. 


Eeaclings  of  analyser. 

Mean.* 

1 

O 

O 

0 

O 

42 

25 

42 

45 

42 

35 

47 

25 

137 

0 

139 

30 

138 

15 

48 

15 

222 

25 

223 

15 

222 

50 

47 

10 

317 

35 

318 

30 

318 

0 

48 

0 

Mean 

47 

42 

*  As  the  intensity  of  the  light  varies  as  the  squai’e  of  the  cosine,  the  geometrical,  and  not  the 
ai'ithmetical,  is  the  true  mean  ;  but  the  observations  did  not  appear  to  be  sufficiently  concordant  to  make 
it  worth  while  to  employ  the  longer  process. 
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With  6 '5  mm.  j^late  of  Crown  Glass. 


Eeadings  of  analyser. 

Mean.* 

a. 

O 

15 

/ 

0 

o 

40 

38 

0 

39 

07 

50 

53 

138 

30 

139 

05 

138 

47 

48 

47 

222 

0 

223 

45 

222 

52 

47 

08 

319 

30 

320 

20 

319 

55 

49 

55 

Mean 

•  •  • 

49 

11 

Table  IV.  gives  the  values  of  a  determined  in  this  way  for  the  6 ‘5  mm.,  11 '5  mm., 
and  15  mm.  plates  of  crown  glass,  and  the  percentage  amount  of  light  transmitted, 
as  calculated  from  these  numbers. 


Table  IV. 


Crown  glass.  6' 5  mm.  plate. 


£ 

Percentnge  amount 

Without  glass. 

With  glass. 

of  light  tian.smitted. 

47  42 

O  < 

49  11 

94-32 

45  44 

49  36 

86-22 

46  16 

48  37 

91-45 

46  54 

48  37 

93-61 

Mean  91-40 

11 '5  mm.  plate. 


IX, 

Percentage  amount 
of  light  transmitted,  ; 

Without  glass. 

With  glas.s. 

O  1 

O  f 

42  03 

44  53 

91-05 

40  14 

43  45 

89-54 

41  16 

44  37 

89-68 

40  09 

42  54 

91-85 

Mean  90-53  ' 

2  L  2 
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15  mm.  plate. 


OL. 

Pt-rcentage  amount 
of  light  transmitted. 

Witliout  glass. 

AVith  glass. 

O  / 

O  > 

4i  54 

45  29 

88-73 

40  23 

43  42 

90-08 

40  17 

43  44 

89-82 

Mean  89-54 

This  method  is  clearly  incapable  of  giving  very  accurate  results.  It  is  difficult  to 
judge  of  the  equality  of  the  illumination  in  the  two  halves  of  the  field,  and  also  the 
angle  through  which  the  Nicol  has  to  be  turned  to  make  the  comparison  is  small,  and, 
therefore,  a  slight  error  in  the  determination  of  the  value  of  a  makes  a  very, 
considerable  one  in  the  result. 

The  measurements  with  the  polarising  photometer  not  being  entirely  satisfactory, 
another  form  of  photometer  was  devised  (Plate  8,  figs.  3  and  3a).  It  consisted 
essentially  of  two  white  surfaces  illuminated  by  the  same  lamp,  the  light  falling  very 
nearly  perpendicularly  on  both.  One  surface  was  at  a  constant  distance  from  the 
lamp,  whilst  the  other  could  be  brought  nearer  to,  and  moved  further  from  it  ;  one^ 
surface  was  seen  directly,  and  the  other  through  the  glass  to  be  examined,  and  then 
the  distance  of  the  movable  surface  from  the  lamp  altered  till  both  surfaces  appeared 
equally  bright. 

One  surface  was  fixed  at  a  distance  of  78  cm.  from  the  lamp  and  in  the  same 
horizontal  plane,  whilst  the  second  was  fixed  to  a  vertical  screen,  which  could  be 
moved  backwards  and  forwards  by  means  of  a  pulley  and  catgut  band  along  a,  board 
with  a  divided  scale.  The  surfaces  consisted  of  a  double  thickness  of  white  paper,  as 
it  was  found  by  taking  a  double  thickness  the  apparent  illumination  was  increased,  a 
portion  of  the  light  which  passed  through  the  first  paper  being  reflected  back  by  the 
second.  In  front  of  the  lamp  two  right-angled  prisms  were  placed.  They  were  held 
in  position  by  two  pieces  of  wood,  through  which  a  screw  was  passed,  one  prism  being 
slightly  in  advance  of  the  other,  and  overlapping  it  to  a  small  extent.  To  adjust  the 
prisms  they  were  placed  on  a  smooth  table,  the  one  resting  directly  on  the  table,  and 
the  other  on  a  thin  piece  of  card,  and,  after  being  adjusted,  fixed  in  position  by  means 
of  the  screw.  When  so  placed,  the  line  dividing  the  two  fields  of  view  was  much 
narrower  than  when  the  front  surfaces  of  the  prisms  were  in  the  same  vertical  plane 
and  their  edges  in  contact.  A  screen  was  placed  between  the  prisms  and  the  lamp, 
which  were  only  8  cm.  apart. 

The  light  (A  the  lamp  fell  nearly  perpendicularly  on  the  white  paper,  and  the 
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flirection  of  that  reflected  back  to  the  prism  was  also  nearly  normal  to  the  paper,  so 
that  the  distance  of  the  paper  from  the  lamp  could  be  altered  without  altering  to  any 
considerable  extent  the  angle  at  which  the  light  fell  upon  it,  or  the  angle  under  which 
it  was  seen. 

The  distance  of  the  moveable  surface  from  the  lamp,  when  its  reflection  in 
the  prism  and  that  of  the  fixed  surface  appeared  equally  bright,  was  determined 
(1)  without  any  glass  being  interposed,  (2)  with  a  plate  of  glass  between  the  fixed 
surface  and  the  prisms,  and  (3)  between  the  moveable  surface  and  the  prisms,  six 
readings  being  made  of  each  of  these  positions,  and  then  the  prisms  reversed  so  that 
the  surface  which  had  been  seen  by  reflection  in  the  one  was  seen  by  reflection  in  the 
other,  and  six  more  readings  made. 

Calling  the  apparent  brightness  of  the  fixed  surface  C,  the  distance  of  the  moveable 
surface  from  the  lamp  wfithout  the  glass  x,  with  the  glass  between  the  fixed  surface 
and  the  prisms  x,  and  with  the  glass  between  the  moveable  surface  and  the  prisms  x", 
and  the  coefficient  of  transparency  of  the  particular  piece  of  glass  h,  then  the  two 
surfaces  will  appear  equally  bright  when 


whence 


C  =  -„; 


Qk  = 


/\2  ’ 


and  C  = 


{x'J 


or  more  simply 


The  percentage  amount  of  light  transmitted  by  the  6 ‘5  mm.  and  the  24 '3  mm.  plates 
of  crown  glass  was  determined  in  this  way.  Table  V.  gives  the  results. 


Table  V. 

6 '5  mm.  plate. 


Keadiugs. 

Percentage  of 
light  transmitted. 

x". 

x' . 

cm. 

cm. 

78-0 

84-4 

92  42 

77-8 

84-9 

91  64 

Mean  92'03 

i 
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2  4 '3  mm.  plate. 


Eeadings. 

Percentage  of 
light  transmitted. 

x'\ 

X* . 

cm. 

cm, 

78-0 

87-0 

89-65 

74- 1 

85-9 

86-26 

Mean  87-95 

Ill  order  to  have  obtained  really  accurate  results  with  this  method  it  would  have 
been  necessary  to  have  made  a  large  number  of  observations,  and  taken  their  mean  ; 
but,  as  the  results  obtained  with  it,  and  with  the  polarising  photometer,  agreed  fairly 
well  with  one  another  and  with  the  far  larger  number  of  observations  made  with  the 
first  method,  it  was  thought  unnecessary  to  continue  the  observations,  the  agreement 
between  those  obtained  by  all  three  methods  being  sufficient  to  show  that  there  was 
but  slight,  if  any,  probability  of  a  constant  error  due  to  the  photometer  itself  used  in 
the  first  series. 

Table  VI.  gives  the  results  of  the  three  methods  and  the  probable  error  of  each 
determination  calculated  by  the  ordinary  formula,  0'674 


Table  VI. — Percentage  Amount  of  Light  Transmitted. 


First  method. 

Second  method. 

Third  method. 

Crown  glass  — 

6-5  mm.  plate . 

91-50  +  -06 

91-40  +  1-07 

92-03  +  -18 

II-5  „  . 

90-07  „  -07 

90-53  „  -32 

15-0  „  . 

89-13  „  -07 

89-54  „  -22 

18-5  ,,  . 

88-51  „  -08 

24-3  „  . 

87-16  „  -15 

,  , 

87-95  „  -81 

Flint  glass — 

7-0  mm.  tlii(  k . 

88-83  „  -09 

49-0  „  ..... 

85-40  „  -07 

69-5  „  . 

82-57  „  -11 

91-3  „  . 

80-74  „  -07 

Common  plate  glass — 

6  mm.  thick . 

87-68  „  -10 

3  plates  of  6  mm.  crown  glass  . 

88-08  „  -05 
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Section  II. — Amount  of  Light  Refected  at  a  nearly  Perpendicular  Incidence. 

The  small  percentage  of  light  reflected  by  glass  at  a  perpendicular  incidence 
rendered  its  dh’ect  determination  difficult  ;  a  fairly  satisfactory  method  of  measure¬ 
ment  was,  however,  at  length  devised.  The  principle  of  the  method  was  the  obvious 
one  of  comparing  the  amount  of  light  which  reached  the  photometer  when  it  came 
direct  from  the  lamp  with  that  which  reached  it  after  reflection  from  the  glass. 

It  was  found  necessary  to  use  two  lamps,  as  no  single-lamp  apparatus,  such  as  had 
been  used  for  the  transmission  experiments,  could  be  employed. 

One  of  the  lamps,  a  small  Argand  gas  burner,  was  placed  at  the  end  of  the  photo¬ 
meter  board  (Plate  8,  flg.  1),  and  a  similar  gas  burner  attached  to  the  arm  of  a 
goniometer  fixed  at  a  short  distance  from  the  other  end  of  the  photometer  board,  the 
vertical  axis  of  the  goniometer  being  in  the  prolongation  of  the  median  line  of  the 
board.  The  glass  of  which  the  reflective  power  was  to  be  determined  could  be  placed 
with  its  surface  vertical,  and  in  the  axis  of  the  goniometer. 

The  experiments  were  made  by  first  comparing  the  illumination  produced  by  the 
two  lamps  when  the  light  from  both  fell  directly  on  the  “  photometer,”  the  arm  of  the 
goniometer  carrying  the  lamp  being  in  the  prolongation  of  the  line  joining  the  fixed 
lamp  and  the  axis  of  the  goniometer ;  the  glass  plate  was  then  attached  to  the  gonio¬ 
meter  with  its  surface  vertical  and  nearly  normal  to  the  line  joining  the  fixed  lamp 
and  the  axis  of  the  goniometer,  the  arm  of  the  goniometer  rotated  until  the  light 
again  fell  on  the  photometer  after  reflection  from  the  glass  plate,  and  the  position  of 
equality  determined. 

It  was  not  necessary  that  the  illuminating  power  of  the  two  lamps  should  be  equal: 
it  was  necessary  that  the  ratio  between  their  illuminating  powers  should  remain  as 
nearly  constant  as  possible.  The  gas  for  the  two  burners  came  from  the  same  supply 
pipe,  and  was  passed  through  a  bell-and-valve  regulator ;  in  spite  of  the  regulator,  it 
was  found  impossible  to  get  satisfactory  measurements,  except  in  fauly  still  weather ; 
the  sliglit  fllckerings  in  the  flames  which  occurred  whenever  there  was  much  wind 
prevented  the  position  of  equality  of  illumination  being  determined  with  any  degree 
of  accuracy. 

The  measurements  were  always  made  in  a  dark  room,  a  “  detector  ”  gas  burner 
being  used  to  read  the  position  of  the  index  on  the  scale  ;  and,  in  order  to  reduce  the 
stray  light  as  much  as  possible,  cylindrical  metal  chimneys,  5 '5  cm.  in  diameter  and 
18  cm.  in  height,  blackened  externally  and  internally,  were  placed  round  the  glass 
chimneys  of  the  burners,  a  rectangular  aperture  being  cut  in  each  at  the  level  of  the 
flame.  Two  black  wood  screens  with  square  openings,  similar  to  those  used  in  the 
transmission  experiments  (p.  248),  were  fixed  at  either  end  of  the  photometer  board; 
there  were  black  cloth  screens  behind  and  above  the  board,  and  the  walls  and  ceilino- 
of  the  room  were  painted  a  dead  black  ;  the  metal  clamp  by  which  the  glass  plate  was 


264 


SIR  J.  CONROY  ON  THE  AMOUNT  OF  LIGHT  REFLECTED 


attached  to  the  goniometer  was  made  as  small  as  possible  and  blackened,  and  the 
goniometer  itself  was  covered  with  a  black  cloth  whilst  the  observations  were  being 
made. 

In  order  to  measure  the  intensity  of  the  light  reflected  by  the  glass  both  wdien 
incident  normally  and  at  various  angles,  that  is,  to  compare  the  intensity  of  light 
which  under  certain  circumstances  would  be  partially  polarised  w^ith  the  intensity  of 
unpolarised  light,  it  was  necessary  that  the  photometric  surface  should  be  normal  both 
to  the  incident  light  and  to  the  line  of  sight ;  hence,  the  photometer  wdiich  had  been 
used  in  the  transmission  experiments  clearly  could  not  be  used,  nor  indeed  could  a 
Bunsen’s  disk  or  any  of  its  modifications.  A  new  form  of  photometer  was,  therefore, 
devised.  Two  wooden  screens  were  fixed  to  the  sides  of  a  block  10  cm.  across,  similar 
to  the  one  which  had  carried  the  photometer  in  the  first  set  of  experiments ;  in  these 
rectangular  apertures  were  cut,  3  cm.  by  2  cm.,  and  “  parchment  ”  paper  fastened 
over  them  ;  the  two  right-angled  glass  prisms  which  had  been  used  in  the  third 
method  for  determining  the  amount  of  the  transmitted  light  (Plate  8,  fig.  3a,  p.  260) 
were  placed  between  the  screens,  and  in  a  line  with  the  apertures.  The  two  papers, 
each  illuminated  by  the  light  of  one  of  the  lamps,  were  seen  by  reflection  in  the 
prisms,  and  by  moving  the  block,  to  which  an  index  was  fixed,  along  the  photometer 
board  a  position  could  be  found  in  which  the  two  images  appeared  equally  bright. 

Glass  only  reflecting  from  4  to  5  per  cent,  of  the  light  incident  normally  upon  its 
surface,  and  the  photometer  scale  being  only  2  metres  long,  it  was  impossible  to 
compare  the  intensities  of  the  dkect  and  reflected  light  when  the  two  lamps  had  the 
same  illuminating  power.  During  the  first  set  of  experiments,  those  marked  A,  the 
necessary  difference  was  obtained  by  keeping  the  flame  of  the  comparison  lamp  turned 
down  rather  low.  Subsequently,  in  the  determinations  marked  B,  the  same  result 
was  obtained  by  different  sized  apertures  in  the  metal  chimneys  ;  that  in  the  chimney 
of  the  goniometer  lamp  was  10  mm.  by  18  mm.,  \vhilst  the  one  in  the  chimney  of  the 
comparison  or  fixed  lamp  was  only  10  mm.  by  6  mm.  ;  the  gas  flames  were  so  regu¬ 
lated  that  the  apertures  appeared  completely  filled  with  a  uniformly  bright  flame. 
When  the  gas  pressure  changes  slightly,  the  size  of  a  flame,  and  not  its  intrinsic 
brilliancy,  is  mainly  what  alters  ;  and,  therefore,  by  limiting  the  visible  portion  of  the 
flame  in  this  way  a  greater  constancy  in  the  ratio  between  the  illumination  produced 
by  the  two  lamps  was  obtained  ;  but,  as  the  tables  show,  the  measurements  made 
when  the  whole  flame,  and  those  in  which  the  central  portions  only  were  used,  agree 
satisfactorily. 

This  method  for  determining  the  reflective  power  possesses  the  obvious  defect  that, 
owing  to  the  necessary  alteration  in  the  course  of  the  light,  the  direct  and  reflected 
light  cannot  be  interchanged,  and,  therefore,  a  constant  source  of  error  may  easily 
exist.  It  seems  probable  that,  to  a  small  extent,  such  was  the  case,  and  that  the 
measured  amounts  ol*  the  reflected  light  were  slightly  too  high. 

When  the  lamp  attached  to  the  goniometer  Avas  so  placed  that  the  light  fell  directly 
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on  the  photometer,  the  whole  beam  of  light  which  passed  through  the  aperture  in  the 
chimney  fell  solely  on  the  screen  at  the  end  of  the  photometer  board,  and  no  light 
diffused  from  the  lamp  reached  the  photometer.  When,  however,  the  lamp  was  so 
placed  that  the  light  was  reflected  from  the  glass,  part  of  the  light  fell  on  the  wall  of 
the  room,  and,  although  this  was  at  a  distance  of  about  2  metres  and  painted  black, 
some  light  must  have  been  diffused  from  it  towards  the  photometer ;  the  metal  clamp 
also  in  which  the  glass  was  held,  although  made  as  small  as  possible  and  blackened, 
certainly  reflected  some  light.  In  order  to  obtain  some  idea  of  the  amount  of  light 
which  reached  the  photometer  from  these  sources,  the  clamp  was  fixed  to  the  gonio¬ 
meter  without  any  glass;  the  left  half  of  the  field  was  not  absolutely  dark,  but  the 
amount  of  illumination  was  far  too  slight  to  be  measurable,  in  fact  it  was  almost 
imperceptible  when  the  light  from  the  comparison  lamp  illuminated  the  other  half  of 
the  field  ;  hence,  the  error  from  this  cause  can  only  be  small. 

In  order  to  eliminate  as  far  as  possible  any  error  due  to  a  change  in  the  relative 
amount  of  illumination  produced  by  the  lamps,  four  readings  were  first  made  of  the 
position  of  the  photometer  when  the  two  halves  of  the  field  were  ecjually  bright,  the 
light  of  both  lamps  falling  directly  on  it ;  four  readings  of  the  position  when  the  light 
was  reflected  from  the  glass  v'^ere  then  made  ;  and  then  four  more  with  the  direct 
light  :  the  mean  of  the  eight  readings  being  taken  as  the  true  position  of  the  photo¬ 
meter  when  the  light  reached  it  directly. 

Calling  the  two  sources  of  light  m  and  n,  the  distance  between  them  x,  the  two 
positions  of  the  photometer  in  which  there  is  equality  of  illumination  x-^  and  x^,  and 
K  the  coefficient  of  reflection  for  the  particular  plate  of  glass,  then 


therefore 


m 

n 

and 

Km 

n 

{X  —  iC])? 

^’2“ 

(« 

%)“ 

m  = 

c> 

and 

Km  = 

nx^ 

(x  —  x-^)^ 

(x 

-  ^2?  ' 

K== 

x^  {x  —  x^f 

or 

r  *2 

(x  - 

Xi^  (x  —  x^)^ 

(x  - 

■  *2)  I 

The  lamps  not  being  placed  at  the  ends  of  the  divided  scale  and  the  two  translucent 
screens  of  the  photometer  being  necessarily  at  some  distance  apart,  in  order  to  obtain 
x-^  and  x^  the  distance  between  the  lan^p  and  the  zero  of  the  scale  had  to  be  added, 
and  the  distance  between  the  translucent  screen  and  the  index  subtracted  from  the 
scale  reading;  thus,  the  distance  from  the  axis  of  the  lamp  carried  by  the  goniometer 
to  the  zero  of  the  scale  being  45’6  cm.,  in  the  first  series  of  experiments,  and  the 
index  of  the  photometer  being  at  a  distance  of  h'7  cm.  from  the  paper,  the  scale 
readings,  plus  3 9 '9,  gave  the  value  of  x^  and  x.^.  Similarly,  16 ’9  cm.  added  to  the 
difference  between  the  readings  and  200  gave  the  value  of  {x  —  x^  and  {x  —  x.^. 

In  the  first  set  of  experiments  the  distances  from  the  lamps  were  measured  from 
MDCCCLXXXIX. — A.  2  M 
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the  axes  of  the  flames,  which  were  about  15  mm.  in  diameter;  in  all  the  others,  for 
which  portions  only  of  the  flames  were  used,  the  distances  were  measured  from  the 
apertures  in  the  chimneys. 

The  same  glass  was  used  for  these  experiments  that  had  been  employed  in  the 
transmission  experiments  already  described.  In  order  to  prevent  the  light  reflected 
from  the  second  surface  of  the  glass  reaching  the  photometer  the  measurements  were 
made  with  prisms  cut  from  the  18 '5  mm.  plate  of  crown  glass,  and  from  the  flint 
glass  block ;  one  face  of  each  of  these  prisms  was  formed  by  one  of  the  original 
surfaces  of  the  glass,  and  these  faces,  which  had  not  been  repolished,  were  used  for 
the  reflection  experiments. 

Table  VII.  gives  some  of  the  actual  measurements  made  with  the  prism  of  crown 
glass.  The  first  four  columns  contain  measurements  made  with  the  light  from  the 
whole  surface  of  the  flames  ;  the  others  with  light  from  the  central  portions  only.  In 
the  first  set  the  light  was  incident  upon  the  glass  at  an  angle  of  6°  17',  and  in  the 
second  at  6°  47'. 


Table  VII. 


A. 

B. 

Direct  light. 

Mean  with 
direct  light. 

Ileflected  light. 

Jlean  with 
reflected  lignt. 

Direct  light. 

Mean  with 
direct  light. 

Reflected  light. 

1 

Mean  with 
reflected  light. 

cm. 

cm. 

cm. 

cm. 

cm. 

Cm. 

cm. 

cm. 

128-8 

117-0 

129  8 

118-9 

127-8 

iso-1 

127-8 

129-4 

128-8 

28-8 

30-1 

28-0 

28-0 

28-7 

118-1 

119- 3 

118-6 

120- 1 

118-9 

24-0 

24-2 

23- 8 

24- 3 

24-1 

127- 6 
129-1 

1 

126-3 

128- 0 

127-9 

29  2 

28- 7 

27-7 

29- 6 

28-8 

119- 3 

120- 2 

118-3 

120-3 

119-4 

23- 7 

24- 2 

24-1 

24-7 

24-2  - 

126-7 

128-1 

126-1 

128-0 

127-2 

28-5 

28-7 

28-0 

28-6 

28-4 

119-2 

119-6 

118-3 

118-1 

118-8 

24-1 

25  0 

24-5 

24-2 

1 

i 

24-4  i 

;  126-3 

127-9 

1 

127-0 

27- 8 

28- 9 

27- 6 

28- 4 

00 

118-2 

118-6 

118-3 

23- 5 

24- 3 

24-2 

24-3 

24-1 

i  126-9 
128-0 

118-1 

117-5 

12.5-8 

118-5 

127-3 

1 

119-6 

From  the  mean  residts  the  values  of  x^,  x^,  {x  —  x-^)  and  (x  —  x.,)  were  obtained, 
and  from  these  the  percentage  amount  of  light  reflected  by  the  glass  calculated  by 
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the  formula  K  = 


■Xg  {X  —  X^)  I  ^ 

(x  —  x„)  \ 


These  values,  and  others  obtained  from  similar  sets 


of  measurements,  are  contained  in  Table  VIII. 


Table  VIII. 
Crown  Glass. 


Angle 

of  incidence. 

®i- 

{x  -  .r,). 

{X  -  X^). 

Per  cent,  of 
incident  light 
reflected. 

A.  6°  17' 

168-7 

88-1 

68-6 

188-2 

3-62 

167-8 

89-0 

68-7 

188-1 

3  75 

167-1 

89-7 

68-3 

188-5 

3-78 

166-9 

89-9 

68-1 

188-7 

3-78 

6°  17' 

171-5 

85-3 

71-7 

185-1 

.3-71 

173-6 

83-2 

74-5 

182-3 

3-84 

174-3 

8-2-5 

74-0 

182-8 

3-67 

175-6 

81-2 

76-4 

180-4 

3-83 

B.  6°  47' 

156-1 

95-2 

61-3 

190-0 

3-87 

156-6 

94-7 

61-4 

189-9 

3-82 

156-0 

95-3 

61-6 

189-7 

393 

155-5 

95-8 

61-3 

190-0 

3-95 

7°  30' 

158-4 

92-5 

62-2 

188-7 

3-70 

157-8 

93-1 

61-7 

189-2 

3-70 

157-8 

93-1 

62-4 

188-5 

3-81 

157-7 

93-2 

62-3 

188-6 

3-81 

157-5 

93-4 

61-8 

189-1 

3-76 

Mean 

3-78 

Similar  measurements  were  made  with  the  flint  glass  wedge.  The  results  are  given 
in  Table  IX. 

Table  IX. 

Flint  Glass. 


Angle  of 
incidence. 

a-1. 

(.r  -  .r-,). 

a-2. 

(x  —  .Tj). 

Per  cent,  of 
incident  light 
reflected. 

10° 

156-2 

94-7 

68-2 

182-7 

5-12 

155-9 

95-0 

67-8 

183-1 

5-09 

155-1 

95-8 

68-7 

182-2 

5-42 

155-6 

95-3 

69-1 

181-8 

5-42 

10° 

157-6 

93-3 

68-9 

•  182-0 

5-02 

157-6 

93-3 

C9-4 

181-5 

5-12 

157-2 

93-7 

69-4 

181-5 

5-20 

jMean 

5-20 

2  M  2 
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Section  III. — Amount  of  Light  Refected  at  a  nearly  Perpendicalar  Incidence 

after  Repolishmg. 

Lord  Kayletgh  found  (‘E,oy.  Soc.  Proc./  vol.  41,  p.  389)  that,  although  the  glass 
surfaces  he  examined  were  free  from  any  apparent  tarnish,  the  amount  of  light  they 
reflected  was  largely  increased  by  repoiishing.  The  wedge  of  crown  glass  was,  there¬ 
fore,  repolished  on  December  21,  1887,  by  means  of  a  disk  of  wood  charged  with 
putty  powder  and  mounted  in  a  lathe  (the  same  method  that  Lord  Rayleigh  had 
used),  and  its  reflective  power  redetermined  immediately;  it  was  found  to  reflect 
4’29,  instead  of  378,  per  cent.  The  glass  was  again  examined  on  January  5,  1888, 
and  it  then  reflected  4 '20  per  cent. 

Two  days  later  the  glass  was  repolished  a  second  time  with  fine  rouge,  and  again 
examined  ;  it  reflected  4 ‘22  per  cent,  of  the  incident  light. 

After  an  interval  of  five  months,  on  June  13,  this  piece  of  glass,  the  surface  of 
which  had  become  considerably  tarnished,  was  rubbed  with  wash-leather  until  the 
moisture  deposited  on  the  glass  by  breathing  gently  on  it  evaporated  quite  uniformly  ; 
it  was  then  examined,  and  found  to  reflect  4 ‘42  per  cent,  of  the  incident  light. 
The  next  day  it  was  repolished  for  the  third  time,  and  examined  immediately  ;  it 
reflected  4 ‘30  per  cent. 

An  attempt  was  made  to  repolish  the  flint  glass  w'edge  on  February  28,  1888,  with 
both  putty  and  rouge,  but  a  surface  free  from  scratches  could  not  be  obtained.  Its 
reflective  power,  however,  was  increased,  and  it  reflected  6 '20  per  cent.,  instead  of 
5 '20,  after  this  imperfect  polishing. 

The  surface  not  being  satisfactory,  the  glass  was  sent  to  Mr.  Hilger  to  be 
repolished.  It  was  received  back  on  the  evening  of  March  2,  and  examined  on  the 
3rd  ;  it  reflected  6'06  per  cent. 

After  three  months  the  glass  was  again  examined,  the  film  which  had  formed  on  its 
surface  having  been  previously  removed  by  rubbing  with  a  wash-leather  ;  it  only 
reflected  571  per  cent.,  although  the  surface  appeared  perfectly  polished.  On 
June  11  it  was  repolished  with  very  fine  washed  rouge,  and  w^as  found  to  reflect 
6’25  per  cent,  of  the  incident  light.  Two  days  later,  on  June  13,  it  only  reflected 
573  per  cent. 

The  polishing  with  putty  powder  was  effected  by  means  of  a  soft  wood  disk, 
mounted  in  a  lathe,  the  disk  being  kept  moist.  For  the  rouge  a  polisher  w'as  formed 
by  cementing  a  piece  of  silk  to  a  sheet  of  plate  glass  fastened  to  a  table,  and  charging 
this  with  carefully  waslied  rouge  :  the  glass  was  held  against  the  rapidly  rotating 
disk  in  the  one  case,  and  rubbed  over  the  fixed  surface  in  the  other.  The  relative 
velocities  of  glass  and  polisher  were  very  different  in  the  two  cases,  and  wdth  the  disk 
the  friction  was  sufficiently  great  for  the  glass  to  become  sensibly  w^arm. 
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Tables  X.  and  XI.  give  the  details  of  these  experiments 
angle  of  incidence  was  7°  30',  and  with  the  flint  glass  10°, 


with  the  crown  glass  the 


Table  X. 
Crown  Glass. 


Per  cent,  of 

1 

Xi. 

(x  -  Xi.) 

a?2. 

(x  —  Xj.) 

incident  light 

reflected. 

December  21,  1887. — Re- 

157-8 

93-1 

65-0 

185-9 

4-25 

polished  with  putty 

157-0 

93-9 

64-8 

186-1 

4-34 

Mean 

4-29 

January  5,  1888  . 

157-8 

93-1 

64-3 

186-6 

413 

150-6 

94-3 

63-9 

187-0 

4  23 

156-0 

94-9 

63-5 

187-4 

4-25 

Mean 

4-20 

January  7,  1888. — Repolished 

155Y 

95^2 

63-0 

187-9 

4-20 

with  rouge 

154^9 

96-0 

62-6 

188-3 

4-24 

155-5 

95‘4 

63-3 

187-6 

4-28 

156^2 

94-7 

63-2 

187-7 

4-17 

Mean 

4-22 

June  13 . .  . 

159-6 

91-3 

67-5 

183-4 

4-43 

159‘6 

91-3 

67-3 

183-6 

4-40 

159-8 

91-1 

67-7 

183-2 

4-44 

Mean 

4-42 

June  14. — Repolished  with 

160-8 

90-1 

68-1 

182-8 

4-36 

rouge 

1 

160-9 

90-0 

67-6 

183-3 

4-25 

160-9 

90-0 

67-8 

183-1 

4-29 

Mean 

4-30 
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Table  XI. 
Flint  Glass. 


.T,. 

{x  -  a-i.) 

(,r  -  X2.) 

Per  cent,  of 
incident  light 
reflected. 

February  28,1 888. — RepoHslied 

1.54-6 

96-3 

71-2 

179-7 

-  6-09 

with  rouge  and  putty 

153-4 

97-5 

70-8 

180-1 

6-24 

152-9 

98-0 

70-5 

180-4 

6-27 

Mean 

6-20 

March  3,  1888,  5  p.m.  —  Rc- 

156-7 

94-2 

73-6 

177-3 

6-23 

1  polished  by  ]\tr.  Hiloer. 

157-4 

93-5 

73-0 

177-9 

5-94 

157-4 

93-5 

73-8 

177-1 

6-13 

1 

157-1 

93-8 

73-6 

177-3 

6-14 

Mean 

6-11 

March  3,  1888,  9  p.m . 

156-1 

94-8 

71-6 

179-3 

5-88 

1.55-4 

95-5 

71-5 

179-4 

6-00 

i 

155-4 

95-5 

71-6 

179-3 

6-02 

1 

155-2 

95-7 

72-1 

178-8 

6-17 

Mean 

6-02 

June  5,  1888 . 

159-9 

91-0 

74-1 

176-8 

5-69 

159-9 

91-0 

74-7 

176-2 

5-82 

160-2 

90-7 

74-9 

176-0 

5-82 

160-4 

90-5 

73-6 

177-3 

5-51 

Mean’ 

5-71 

June  7,  1888 . 

160-2 

90-7 

75-7 

175-2 

5-98 

160-8 

90-1 

74-4 

176-5 

5-58 

i 

160-6 

90-3 

75-3 

175-6 

5-81 

i 

159-7 

91-2 

75-3 

176-6 

6-00 

1 

1 

Mean 

5-84 

June  11,  1888  .... 

160-5 

90-4 

74-0 

176-9 

5-55 

1 

160-5 

90-4 

74-3 

176-6 

5-61 

160-5 

90-4 

74-6 

176-3 

5-68 

161-0 

89-9 

74-6 

176-3 

5-58 

1 

i 

Mean 

5-60 

Jiine  11,  1888. — Repolished 

166-0 

84-9 

81-5 

169-4 

6-05 

with  rouge 

165-7 

85-2 

82-5 

168-4 

6-34 

165-8 

85-1 

82-6 

168-3 

6-35 

^lean 

6-25 

.lune  13,  1888  . 

160-1 

90-8 

74-5 

176-4 

5-74 

160-4 

90-5 

74-4 

176-5 

5-66 

160-5 

90-4 

75-1 

175-8 

5-79 

^lean 

5-73 
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Section  IV. — Amount  of  Light  Reflected  at  Various  Incidences  hettveen  0°  and  90°  hy 
the  Crown  Glass  before  and  after  Repolishing. 

In  the  experiments  already  described  the  liglit  incident  on  the  glass  consisted  of  a 
divergent  beam,  or  rather  of  a  complex  of  rays,  the  mean  incidence  of  which,  if  such 
a  term  may  be  used,  was  as  nearly  normal  as  the  construction  of  the  apparatus 
permitted. 

Measurements  were  also  made  with  the  crown  glass  both  before  and  after  it  was 
repolished,  when  the  light  was  incident  upon  its  surface  at  various  angles,  the  angle 
between  the  axis  of  the  beam  of  light  and  the  normal  to  the  surface  being  considered 
as  the  angle  of  incidence.  Table  XII.  gives  these  results. 

Table  XII. — Crown  Glass. 


Before  repolishing. 

After  repolishing. 

Anffle  of 
incidence. 

Per  cent. 

Per  cent. 

xi. 

^2* 

(x  — To). 

of  light 

Ti. 

(t-Ti). 

Tj. 

(T-T2). 

of  light 

reflected. 

reflected. 

0 

O 

156-5 

94-6 

61-4 

189-7 

3-83 

155-5 

95-4 

63-1 

187-8 

4-25 

156-7 

94-4 

61-5 

189-6 

3-82 

150-0 

95-9 

63-1 

187-6 

4-36 

156-8 

94-3 

61-2 

189-9 

3-76 

154-4 

96-5 

63-5 

187-4 

4-48 

i 

154-0 

96-9 

63-6 

187-3 

4-56 

Mean 

3-80 

Mean 

4-41 

20°  B. 

157-2 

93-9 

61-1 

190-0 

3-69 

154-9 

96-0 

66-1 

184-8 

4-91 

156-2 

94-9 

609 

190-2 

3-78 

154-7 

96-2 

65-3 

185-6 

4-79 

155-9 

95-2 

60-7 

190-4 

3-79 

154-7 

96-2 

65-1 

185-8 

4-75 

155-7 

95-4 

60-7 

190-4 

3-81 

154-4 

96-5 

65-2 

185-7 

4  81 

Mean 

3-77 

Mean 

4-81 

30°  A. 

171-8 

85-0 

73-8 

183-0 

3-9B 

170-4 

86-4 

74-1 

182-7 

4-23 

170-6 

86-2 

73-1 

183-7 

4-04 

170-6 

86-2 

73-1 

183-7 

4-04 

B. 

155-0 

96-1 

59-3 

191-8 

3-67 

15.3-6 

97-3 

63-0 

187-9 

4-51 

1 

154-4 

96-7 

59-9 

191-2 

3-86 

152-9 

98-0 

62-8 

188-1 

4-58 

1 

153-8 

97-3 

59-7 

191-4 

3-89 

153-0 

97-9 

62-9 

188-0 

4-58 

1 

154-2 

96-9 

58-7 

192-7 

3-68 

152-8 

98-1 

62-5 

188-4 

4-53 

Mean 

3-92 

Mean 

4-55 

40°  B. 

156-4 

94-7 

64-7 

186-4 

4-42 

158-3 

92-6 

72-0 

178-9 

5-54 

156-5 

94-6 

65-6 

I85-5 

4-57 

158-1 

92-8 

71-3 

179-6 

5-43 

156-3 

94-8 

65-8 

185-3 

4-64 

158-2 

92-7 

70-4 

180-5 

5-22 

155-7 

95-4 

64'4 

186-7 

4-47 

157-4 

93-5 

69-3 

181-6 

5-14 

i 

156-6 

94-3 

68-9 

182-0 

5-19 

]\Iean 

4-52 

Mean 

5-30 
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Table  XIT. — continued. 


Before  repolishing. 

After  repolishing. 

Angle  of 
incidence. 

Per  cent. 

Per  cent. 

a-i- 

X2^ 

(x-a-2). 

of  light 

^1- 

(x-x,). 

X2. 

(x  — Xo). 

of  light 

reflected. 

reflected. 

50° 

A. 

162-2 

94-6 

72-5 

184-3 

5-26 

161-3 

95-5 

71-9 

184-9 

5-30 

161-2 

95-6 

72-2 

184-6 

5-38 

161-2 

95-6 

72-4 

184-4 

5-42 

B. 

154-3 

96-8 

68-6 

182-5 

5-56 

158-6 

92-3 

75-6 

175-3 

6-19 

152-8 

98-3 

67-8 

183-3 

5-66 

158-3 

92-6 

76-2 

175-3 

6-29 

152-4 

98-7 

68-3 

182-8 

5-85 

158-3 

92-6 

74-7 

176-2 

6-46 

151-9 

99-2 

67-7 

183-4 

5-81 

157-9 

93-0 

74-5 

176-4 

6-15 

Mean 

5-53 

Mean 

6-27 

56°  34' 

B. 

156-4 

94-7 

77-3 

173-8 

7-25 

155-3 

95-6 

79-7 

171-2 

8-21 

158-7 

92-4 

78-4 

172-7 

6-99 

155-5 

95-4 

79-9 

171-0 

8-22 

159-5 

91-6 

79-2 

171-9 

7-00 

155-2 

95-7 

79-9 

171-0 

8-30 

157-7 

93-4 

79-9 

171-2 

7-64 

154-9 

96-0 

79-4 

171-5 

8-23 

Mean 

7-22 

Mean 

8-24 

O 

O 

A. 

163-1 

93-7 

85-6 

171-2 

8-25 

163-2 

93-6 

84-9 

171-9 

8-02 

161-9 

94-9 

85-3 

171-5 

8-50 

1 

161-8 

95-0 

84-1 

172-7 

8-17 

B. 

154-4 

96-7 

80-2 

170-9 

8-64 

155-1 

95-8 

84-5 

166-4 

9-84 

153-4 

97-7 

80-7 

170-4 

9-10 

154’5 

96-4 

83-5 

167-4* 

9-68 

152-2 

98-9 

79-5 

171-6 

8-88 

1  153-9 

97-0 

83-7 

167-2 

9-95 

151-9 

99-2 

78-3 

172-8 

8-76 

153-7 

97-2 

83-8 

167-1 

10-06 

Mean 

8-54 

Mean 

9-88 

65° 

A. 

166-8 

90-0 

97-0 

159-8 

10-73 

166-8 

90-0 

97-5 

159-3 

10-90 

167-4 

89-4 

98-6 

158-2 

11-08 

168-2 

88-6 

97-8 

159-0 

10-50 

B. 

154-1 

97-0 

87-1 

164^0 

11-18 

156-4 

94-5 

91-9 

159-0 

12-20 

153-3 

97-8 

87-1 

164-0 

11-48 

155-8 

95-1 

91-5 

159-4 

12-28 

152-1 

99-0 

86-6 

I64-5 

11-74 

155-8 

95-1 

91-6 

159-3 

12-32 

151-5 

99-6 

85-9 

165-2 

11-66 

155-4 

95-5 

91-2 

159-7 

12-31 

Mean 

11-16 

Mean 

12-28 

O 

O 

A. 

167-9 

88-9 

109-8 

147-0 

15-64 

167-6 

89-2 

109-8 

147-0 

15-80 

168-0 

88-8 

110-0 

146  8 

15-69 

169-5 

87-3 

111-6 

145-2 

15-67 
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Table  XII. — continued. 


Before  rcpolisliing. 

After  repolishing. 

Angle  of 
incidence. 

Per  cent. 

Per  cent. 

(a; -a?,). 

{x  -  X.,) 

of  light 

Xi. 

(X-Xi). 

^2* 

{x  - 

of  light 

reflected. 

reflected. 

70°  A. 

169-2 

87-6 

109-1 

147-7 

14-02 

158-7 

92-2 

105-8 

145-1 

17-94 

167-3 

89-5 

109-0 

147-8 

15-57 

157-7 

93-2 

105-2 

145-7 

18-21 

166-0 

90-8 

106-8 

150-0 

15-17 

157-0 

93-9 

104-4 

146-5 

18-10 

105-3 

91-5 

107-4 

149-4 

15-83 

157-0 

93-9 

105-5 

145-4 

18-83 

Mean 

18-28 

B. 

156-9 

94-2 

99-3 

151-8 

15-42 

Mean 

15-49 

75°  B. 

160-1 

90-8 

119-4 

131-5 

26-52 

'  159-5 

91-4 

118-9 

132-0 

26-64 

158-7 

92-2 

116-7 

134-2 

25-52 

157-8 

93-1 

117-3 

133-6 

26-83 

1 

Mean 

26-33 

Section  V. — Amount  of  Light  Transmitted  after  Reg)olishing. 

The  effect  of  repolishing  on  the  amount  of  light  transmitted  by  the  glass  was 
examined.  The  first  observations,  those  with  the  24’3  mm.  plate  of  crown  glass  (except 
the  last)  were  made  with  the  photometer  used  in  the  reflection  experiments,  the  arm 
of  the  goniometer  carrying  the  lamp  being  clamped  in  the  prolongation  of  the  line 
joining  the  flxed  lamp  and  the  axis  of  the  goniometer.  The  small  slot  in  front  of  the 
flame  of  the  fixed  lamp  was  subsecpiently  replaced  by  one  of  the  same  size  as  that  in 
front  of  the  lamp  carried  by  the  goniometer,  and  most  of  the  observations  made  with 
this  arrangement,  in  which  there  were  two  lamps  of  nearly  equal  illuminating  pjower. 
Finally,  a  photometer  with  a^  single  lamp,  two  mirrors,  and  inclined  paper  surfaces, 
like  that  used  for  the  original  transmission  experiments,  was  fitted  up,  and  this  was 
used  for  all  measurements  made  in  August  and  September,  1888,  t]:at  is,  those  with 
the  flint  glass  and  the  four  last  determinations  of  the  light  transmitted  by  the 
crown  glass. 

The  measurements  were  made  as  described  in  Section  I.,  but  only  four  readings 
were  taken  in  each  position  of  the  glass,  and  the  results  were  calculated  out  by  the 


.  ,  X.  (r  —  x^) 

expression  k  =  - - - 

X^  (x  —  X]) 


(see  p.  250),  where  k  is  the  coefficient  of  transparency,  x  the 


distance  between  the  two  lights,  and  and  x.^,  the  two  positions  of  the  photometer 
m  which  there  is  equality  of  illumination,  the  optical  shortening  of  the  path  of  the 
light  due  to  its  passage  through  the  glass  being  of  course  allowed  for. 

The  results  are  contained  in  Tables  XIII.  and  XIV. 

MDCCCLXXXIX. — A.  2  N 
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SIR  J.  CONROY  ON  THE  AMOUNT  OF  LIGHT  REFLECTED 


Table  XIIT, 
Crown  Glass. 


Per  cent,  of 

a^i. 

{x  -  Xi). 

a-2. 

(x  —  X2). 

incident  light 
transmitted. 

6'5  mm.  plate. 

July  6,  1888. — Cleaned,  but  not  repolisbed  . 

127-2 

1.35-1 

133-1 

129-2 

91-39 

126-9 

135  4 

13-2-7 

129-6 

91-53 

127-7 

134  6 

133-4 

1-28-9 

91-67 

Mean 

91-53 

July  13. — “  Gi'ound  grey  and  rejwlished  ” 

125-9 

136-4 

132-3 

1.30-0 

90-70 

by  Mr.  Hilger 

127-2 

135-1 

133-3 

129-0 

91-11 

126  0 

136-3 

133-1 

129-2 

89-73 

Mean 

90-31 

July  17. — Re-examined . 

125-8 

136-5 

132-2 

130-1 

-  90-70 

126-0 

136-3 

132-0 

130-3 

91-25 

125-9 

136-4 

132-1 

130-2 

90-98 

Mean 

90-90 

11 '.5  mm.  plate. 

August  13. — Cleaned,  but  not  repolisbed 

. 

187-8 

196-8 

198-0 

186-6 

89-93 

187-9 

196-7 

1975 

187-1 

90-50 

187-8 

196-8 

197-5 

187-1 

90-40 

Mean 

90-28 

11’5  mm.  plate  bis. 

July  13. — “  Ground  gu'ey  and  repolisbed  ” 

126-1 

1.36-0 

132-5 

129-6 

90-69 

by  Mr.  Hilger 

126-1 

136-0 

133-6 

128-5 

89-18 

125-7 

136-4 

132-4 

129-7 

90-28 

Mean 

90-05 

July  16. — Re-examined . 

1-25-6 

136-5 

132-8 

129-3 

89 -.59 

125-6 

136-5 

133-0 

129-1 

89-32 

1-25-5 

136-6 

132-9 

1-29-5 

89-52 

Mean 

89-48 

July  17. — Re-examined . 

124-9 

137-2 

1.31-7 

130-4 

90-14 

124-5 

137-6 

132-0 

130-1 

89-18 

1-24-8 

137-3 

131-7 

130-4 

90-00 

1 

1 

]\Iean 

89-77 
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Table  XIII. — continued. 


Per  cent,  of 

Xi. 

(x  -  Xi). 

X2. 

(x  —  X2.) 

incident  light 

transmitted. 

11 -5  mm.  plate  his  (continued). 

187-4 

August  13. — Repolished  with  fine  rouge  on 

197-2 

198-2 

186-4 

89-37 

silk,  and  subsequently  (11/8/88)  with 

187-9 

196-7 

198-2 

186-4 

89-84 

putty  powder  on  wood  disk 

188-7 

196-9 

198-3 

186-3 

90-03 

]\Iean 

89-75 

1.5  mm.  plate. 

July  6. — Cleaned,  but  not  repoli.shed  .  .  . 

1 25-6 

1.36-4 

133-2 

128-8 

89-04 

126-1 

135-9 

133-6 

128-4 

89-18 

126-2 

135-8 

133-3 

128-7 

89-72 

Mean 

89-31 

July  1.3. — “  Ground  grey  and  repolished  ” 

125-3 

136-7 

1.34-1 

127-9 

87-42 

by  Mr.  Huger 

125-6 

136-4 

133-6 

128-4 

88-50 

126-1 

135-9 

183-9 

128-1 

88-77 

Mean 

88-23 

July  1 7. — Re-examined . 

124-8 

137-2 

132-2 

129-8 

89-31 

124-8 

137-2 

1.32-5 

129-5 

88-90 

124-9 

137-1 

132-7 

129-3 

88-77 

Mean 

88-99 

August  17. — Repolished  with  putty  powder 

185-4 

199-1 

197-1 

187-4 

88-54 

on  wood  disk 

185-5 

199-0 

197-0 

187-5 

88-72 

185-6 

198-9 

196-9 

187-6 

88-90 

Mean 

88-72 

18'5  mm.  plate. 

128-6 

July  16.  —  Cleaned,  but  not  repolished 

125-4 

136-5 

1.33-3 

88-63 

124-9 

137-0 

133-1 

128-8 

88-22 

Mean 

88-41 

July  17. — Re-examined . 

123-5 

138-4 

131-6 

130-3 

88-35 

123-6 

138-3 

1.3T6 

130-3 

88-49 

124-4 

137-5 

131-8 

130-7 

89-72 

Mean 

88-85 

August  17. — Re-examined . 

184-6 

199-8 

197-2 

187-2 

87-71 

185-7 

198-7 

196-5 

187-9 

89-37 

185-2 

199-2 

197-4 

187-0 

88-07 

Mean 

88-38 

2  N  2 
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Table  XIII. — continued. 


Per  cent,  of 

Xi. 

(x  -  x{). 

Xc. 

{x  —  Xi). 

incident  light 

transmitted. 

24-.3  mm.  plate. 

June  15. — Cleaned,  but  not  repolislied  . 

84-7 

165-4 

92-4 

157-7 

87-40 

81-8 

165-3 

92-5 

157-6 

87-41 

84-9 

165-2 

93-9 

156-2 

85-49 

Mean 

86-90 

June  16.— Re-examined . 

86-7 

163-4 

95-6 

154-5 

85-75 

87-7 

162-4 

95-3 

154-8 

87-72 

88-0 

162-1 

95-9 

154-2 

87-29 

Mean 

86-92 

June  16. — Polisbed  with  rouge  on  silk  . 

84-8 

165-3 

92-9 

157-2 

86-81 

85-5 

164-6 

93-3 

156-8 

87-30 

85-6 

164-5 

93-8 

156-3 

86-71 

Mean 

86-93 

June  2.3. — Repolislied  by  Mr.  Hilger  ;  the 

84-6 

165-5 

94-6 

155-5 

84-03 

polish  was  defective 

84-4 

165-7 

94-3 

155-8 

84-15 

84-2 

165-9 

94-3 

155-8 

83-85 

84-1 

166-0 

94-2 

155-9 

83-85 

Mean 

83-97 

June  30. — Repolished  a  second  time  by  Mr. 

85-5 

164-6 

92-9 

157-2 

87-90 

Hilger 

85-0 

164-5 

92-6 

157-5 

88-50 

84-6 

165-5 

92-5 

157-6 

87-09 

]\Iean 

87-84 

June  30. — Re-examined . 

86-4 

163-3 

94-0 

156-1 

87-86 

86-3 

163-8 

93-7 

156-4 

87-94 

86-7 

163-4 

94-3 

155-8 

87-67 

!Mean 

87-82 

July  17. — Re-examined . 

123-0 

1.38-7 

132-0 

129-7 

87-14 

123-7 

138-0 

132-4 

129-8 

87-88 

123-3 

138-4 

131-7 

130-0 

87-94 

87-65 


j\Iean 
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Table  XIV. 
Flint  Glass. 


• 

Per  cent,  of 

a-j. 

{x  -  a-i). 

X.2. 

{x  -  .r.,). 

incident  light 

transmitted. 

7  mm,  thick. 

September  30,  1888. — Cleaned,  but  not  re- 

187-6 

197-1 

194-8 

189-9 

92-78 

polished 

187-7 

197-0 

194-7 

190-0 

92-98 

187-5 

197-2 

195-1 

189-6 

92-40 

187-5 

197-2 

195-0 

189-7 

92-50 

Mean 

92-66 

49  mm.  thick. 

August  15. — Surface  repolished  with  putty 

18.3-0 

200-1 

198-4 

184-7 

85-14 

powder  on  August  14 

182-5 

200-6 

197-8 

185-3 

85-23 

182  9 

200-2 

198-1 

185-0 

85 -.32 

183-1 

200-0 

198-5 

184-6 

85-14 

l\Iean 

85-21 

August  16. — Re-examined . 

182-8 

200-3 

198-7 

184-4 

84-70 

183-2 

199-9 

198-0 

185-1 

85-68 

182-7 

200-4 

198-1 

185-0 

85-15 

Mean 

85-18 

August  16. — Repolished  with  putty  powder 

183-1 

200-0 

198-1 

185-0 

8.5-50 

and  examined  immediately 

182-3 

200-8 

198-9 

184-2 

84-08 

182-5 

200-6 

199-1 

184-0 

84-08 

1 

Mean 

84-55 

August  18. — Re-examiued . 

183-0 

200-1 

198-8 

184-3 

84-78 

182-7 

200-4 

198-7 

184-4 

84-61 

182-7 

200-4 

198-6 

184-5 

84-70 

Mean 

84-70 

69'5  mm.  thick. 

August  15. — Cleaned,  but  not  repolished 

182-1 

200-2 

198-5 

183-8 

84-22 

181-9 

200-4 

193-4 

183-9 

84-13 

182-1 

200-2 

198-0 

184-3 

84-67 

182-4 

199-9 

198-6 

183-7 

84*40 

Mean 

84-35 
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Section  VI, — Vcdues  of  the  Polarising  Angles  before  and  after  Repolishing. 

In  order  to  determine  the  angles  of  polarisation,  a  form  of  apparatus  essentially 
similar  to  that  employed  by  Seebeck  ( ‘  Poggendoree,  Annalen,’  vol,  20,  1830,  p.  27) 
was  used.  It  consisted  of  a  goniometer  with  a  horizontal  circle  reading  to  20";  the 
slit  and  lens  of  the  collimator  were  removed  and  the  observing  telescope  replaced  by 
a  tube  to  one  end  of  which  a  vertical  divided  circle  was  fixed.  A  Nicol  was  contained 
in  an  inner  tube,  and  by  means  of  a  vernier  the  position  of  its  principal  section  could 
be  read  on  the  vertical  circle  to  5'.  The  stage  of  the  goniometer  and  the  arm  carry¬ 
ing  the  Nicol  were  geared  together  by  means  of  toothed  wheels  working  into  a  double 
jDinion,  the  number  of  teeth  in  the  wheels  and  pinion  being  such  that  on  moving  the 
arm  of  the  goniometer  carrying  the  Nicol  the  angular  velocity  of  the  tube  was  twice 
that  of  the  stage. 

A  small  gas  flame  was  placed  close  to  the  end  of  the  collimator  tube,  the  flame 
being  surrounded  by  a  blackened  metal  chimney  with  a  small  aperture  in  it,  and  the 
glass  surface  whose  angle  of  polarisation  was  to  be  observed  clamped  to  the  vertical 
stage  with  its  surface  in  the  prolongation  of  the  vertical  axis  of  the  goniometer,  the 
stage  turned  till  the  image  of  the  flame  was  seen  through  the  Nicol,  and  then,  by 
means  of  the  pinion  (the  axis  of  which  was  fixed  to  a  sliding  piece),  the  stage  and 
Nicol  geared  together. 

The  Nicol  having  been  clamped  with  its  short  diagonal  horizontal,  the  arm  was 
moved  till  the  light  reflected  by  the  glass  was  reduced  to  a  minimum. 

The  end  of  the  collimator  tube  nearest  the  lamp  was  bisected  by  a  vertical  thread ; 
a  pair  of  cross  threads  were  placed  in  the  inner  end,  and  a  diaphragm  with  a  small 
aperture  at  the  eye  end,  of  the  Nicol  tube  ;  and  in  making  the  observations  care  was 
taken  that  the  image  of  the  vertical  thread  should  coincide  with  the  point  of  inter¬ 
section  of  the  two  cross  threads  as  seen  through  the  diaphragm. 

The  observations  were  made  by  moving  the  Nicol  tube  alternately  towards  the 
right  and  the  left.  As  the  image  of  the  flame  always  remained  in  the  field  of  view^ 
and  the  room  was  completely  dark,  the  angle  at  wliich  the  light  was  reduced  to  a 
minimum  could  be  observed  with  a  fair  amount  of  accuracy. 

The  amount  of  light  reflected  by  glass  at  a  perpendicular  incidence  being  small, 
and  a  satisfactory  diagonal  eyepiece  not  being  available,  the  position  of  the  stage  in 
which  the  light  was  incident  perpendicularly  on  the  surface  of  the  glass  was  deter¬ 
mined  by  an  indirect  method. 

The  axis  of  the  Nicol  tube  was  first,  by  means  of  the  diaphragm  and  cross  threads, 
brought  into  the  same  line  as  that  of  the  collimator  tube,  and  its  position  read  on 
the  divided  circle  of  the  goniometer  ;  the  tube  was  then  turned  through  90°,  the  glass 
surface  attached  to  the  vertical  stage  and  adjusted,  and  the  stage  rotated  until  the 
imao'e  of  the  sino-le  thread  ao’ain  coincided  with  the  cross  threads  of  the  Nicol  tube. 

o  o  o 
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The  stage  reading-  gave  the  position  in  which  the  light  was  incident  upon  the  surface 
at  an  angle  of  45°.  To  verify  the  adjustment,  the  Nicol  tube  was  clamped,  first,  at 
an  angle  differing  by  fi-  90°,  and  then  at  one  differing  by  —  90°,  from  its  original 
position. 

The  reading  of  the  Nicol,  when  light  polarised  in  the  plane  of  incidence  was  cut 
off,  had  been  carefully  determined  some  years  previously,  and  was  again  verified.  To 
reduce,  as  far  as  possible,  the  errors  due  to  the  Nicol  (which  was  of  the  ordinary 
construction,  with  its  terminal  faces  not  perpendicular  to  its  geometrical  axis),  eight 
readings  were  made  with  the  prism  in  one  position,  and  eight  more  after  it  had  been 
turned  round  through  180°. 

The  actual  readings  made  with  the  6 '5  mm.  plate  of  crown  glass,  which  had  been 
repolished  by  Mr.  Hilger,  were — 


O  /  O  / 


107 

06 

107 

25 

107 

03 

107 

08 

107 

20 

107 

09 

107 

27 

107 

09 

o  /  o  / 


106 

59 

106 

55 

107 

02 

107 

04 

107 

08 

106 

56 

107 

04 

106 

55, 

The  readings  made  with  the  other  glass  surfaces  were  about  as  concordant. 

Table  XV.  gives  the  angles  of  polarisation  as  deduced  from  the  means  of  these 
readings. 

Table  XV. 


Angles  of  Polarisation. 

Crown  glass--  ^  ,  ,, 

6‘5  mm.  plate,  repolislied  by  Mr.  Hilger .  56  22  30 

11‘5  „  not  repolished .  56  14  30 

11'5  ,,  No.  2,  repolished  by  Mr.  Hilger  and  again  with  rouge  56  28  30 

II '5  ,,  „  ,,  with  putty  powder .  56  49  0 

15  0  „  ,,  by  Mr.  Hilger .  56  42  30 

15’0  ,,  ,,"  with  putty  powder .  56  49  30 

18'5  „  not  repolished .  56  21  30 

I8'5  „  not  repolished .  56  25  30 

24‘3  ,,  repolished  by  Mr.  Hilger .  56  37  30 

Wedge  used  for  reflection  experiments  repolished  with  putty  powder, 

and  subsequently  with  rouge .  56  52  0 

Flint  glass — 

Face  of  block — not  repolished .  58  14  0 

,,  „  repolished  with  putty  powder  and  examined 

immediately .  58  48  0 

„  ,,  repolished  with  putty  powder  and  examined  after 

two  days .  58  44  0 
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Part  IL 

When  light  passes  throngli  a  transparent  plate  it  is  diminished  by  reflection  at  the 
two  surfaces,  and  by  “  obstruction  ”  v.dthin  the  plate,  the  cause  of  obstruction  being 
that  a  part  of  the  light  which  has  entered  the  plate  is  absorbed  and,  unless  the  plate 
be  absolutely  homogeneous,  a  part  scattered. 

If  r  be  the  ratio  of  the  light  reflected  by  the  first  surface,  and  r'  by  the  second 
surface,  to  the  light  incident  upon  them,  a  the  coefficient  of  transmission,  and  t  the 
thickness  of  the  plate,  then  the  intensity  of  the  transmitted  beam  is  given  by  the 
expression  i  =  lpp'a\  where  p  =  {I  —  r)  and  p'  =  (l  —  r'). 

I,  ^,  and  t  being  known,  by  eliminating  pp' ,  a  can  be  readily  calculated.  The  value 
of  i  depends  in  the  case  of  coloured  media  on  the  refrangibihty  of  the  light,  but  in  the 
case  of  the  two  kinds  of  glass  used  in  these  experiments  it  may  be  taken  to  be  the 
same  for  light  of  all  wave-lengths. 

Table  XVI.  contains  the  values  of  a  for  a  thickness  of  one  millimetre  of  crown  and 
flint  glass,  obtained  by  combining  in  pairs  the  five  values  of  i  for  crown  glass,  and  the 
four  values  for  flint  glass,  contained  in  Table  VI. 


Table  XVI. 


Values  of  a. 


Crown  glass. 

Flint  glass. 

•99685 

•99906 

■99690 

•99884 

•99744 

•99887 

•99729 

■99893 

•99692 

•99837 

•99752  ! 

•99897 

•99750  ! 

•99809  ' 

Mean  ■99884 

•99763  ; 

•99733  ; 

Mean  ^99735 

Dr.  Robinson,  in  the  joaper  already  mentioned  (‘Phil.  Trans.,’  18G9,  p.  160),  gives 
the  values  of  n  in  the  expression  i  =  Ip^e~"*',  p^  being  calculated  from  Fresnel’s 
formula,  and  t  being  the  thickness  in  inches.  From  the  values  given  by  Dr.  Robinson 
for  a  cylinder  of  crown,  and  a  prism  of  flint,  glass,  both  of  Messrs.  Chance’s  manu¬ 
facture,  the  values  of  the  coefficient  «  were  calculated  for  a  thickness  of  one  millimetre. 
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Index  for  line  E. 

n. 

ct* 

Crown  glass . 

1-.5200 

0-0272 

0-99893 

Flint  glass . 

1-6216 

0-0218 

0-99914 

From  the  values  of  a  it  would  appear  that  these  two  specimens  of  glass  absorbed 
somewhat  less  light  than  those  used  in  the  experiments  of  which  an  account  is 
contained  in  this  paper,  but  Dr.  Robinson’s  results  depend  on  the  value  of  p  being 
“  calculated  accurately  from  Fresnel’s  formula,”  and  if,  as  seems  probable,  glass 
usually  reflects  less  than  the  theoretical  amount  of  light,  the  amount  absorbed  would 
necessarily  appear  less  than  it  really  was. 

From  the  mean  values  of  a  given  in  Table  XVI.  the  values  of  p  (on  the  assumption 
that  p  =  p)  were  obtained  by  calculating  the  values  of  V  for  the  different  thicknesses 
of  the  two  kinds  of  glass  used  in  these  experiments  and  then  introducing  these  values 
into  the  equation  i  =  Ipp'a*. 

Table  XVII. 


Values  of  p. 


Crown  glass. 

Flint  glass. 

6-5  mm.  plate.  -9648 

11-5  „  -9636 

15-0  „  -9629 

18-5  „  -9648 

24-3  „  -9642 

Mean  .  .  -9641 

7-0  mm.  plate.  -9463 

490  „  -9508 

69-5  „  -9461 

91-3  „  -9475 

Mean  .  .  -9477 

The  value  of  r  for  the  crown  glass  is  therefore  ‘0359,  and  for  the  flint  glass  ‘0523. 
The  amount  of  light  which  according  to  theory  should  have  been  reflected  by  the 

glass  was  calcidated  by  the  expression  ,  where  n  is  the  index  of  refraction. 

These  values,  and  also  the  amount  of  the  reflected  light,  as  determined  directly  (see 
Tables  VIII.  and  IX.),  are  given  in  Table  XVIIL 


Table  XVIII. 


Percentage  amount  of  Light  Pteflected 


Ob.served. 

By  transmission. 

By  reflexion. 

Calculated. 

Crown  glas.s  .... 

3-59 

3-78 

4-187 

Flint  glass  .... 

5-23 

5-20 

5-780 

MDCCCLXXXIX.  — A. 
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The  observed  values  of  the  light  reflected  by  the  crown  glass  do  not  agree  quite  so 
well  as  those  for  the  flint  glass  ;  this  may  be  due  to  the  fact  that  all  the  measurements 
with  the  flint  glass  were  made  with  one  thick  block,  whilst  several  pieces  of  crown 
glass  were  used  for  the  transmission  experiments,  and  these  plates  may  have  differed 
slightly  both  in  their  composition  and  in  the  polish  of  their  surfaces.  Making  due 
allowance  for  this,  and  for  the  approximate  character  of  all  photometric  measurements, 
the  agreement  between  the  results  obtained  by  two  entmely  distinct  methods  is, 
probabl}',  quite  as  close  as  could  have  been  anticipated. 

The  calculated  value  for  both  kinds  of  glass  considerably  exceeds  the  observed.  As 
has  already  been  mentioned,  the  refractive  indices,  as  determined  with  the  large 
prisms  used  for  the  reflection  experiments,  and  with  the  small  prisms,  differed  slightly; 
the  differences,  however,  —  ’0008  and  +  ’0055,  are  not  sufficiently  great  to  affect  the 
result  to  any  considerable  extent.  Thus,  at  a  perpendicular  incidence  the  two 
theoretical  values  for  the  reflected  light  are  4T87  and  4'176  for  the  crown  glass,  and 
5'780  and  5'856  for  the  flint  glass,  or  a  difference  of  O’Oll  and  0'076  per  cent,  of  the 
incident  light,  a  quantity  which  is,  of  course,  quite  inappreciable  photometrically. 

Both  the  crown  glass  and  the  flint  glass  had  been  recently  polished,  the  former  by 
Messrs.  Chance  and  the  latter  by  Mr.  Hilger,  both  kinds  of  glass  having  been 
ground  with  emery  and  polished  with  rouge ;  the  crown  glass  vms  partially  machine- 
polished  but  finished  by  hand,  the  flint  glass  entirely  hand-polished.  The  glass 
surfaces  were  always  well  cleaned  with  wash-leather  immediately  before  being  used, 
as  after  being  left  in  the  laboratory  for  some  days  they  were  usually  somewhat 
tarnished ;  the  films,  however,  were  easily  removed,  and  in  no  case  could  any 
deterioration  of  the  surface  be  detected. 

The  effect  of  repolishing  the  glass  was  to  increase  its  reflective  power,  but  Tables  X. 
and  XL  show  that  the  two  kinds  of  glass  behaved  somewhat  differently.  Immediately 
after  repolishing  both  reflected  more  than  the  theoretical  amount  of  light ;  but,  whilst 
the  crown  continued  to  do  so,  the  reflective  power  of  the  flint  decreased,  and  after  an 
interval  it  reflected  the  theoretical  amount. 


Table  XIX. 


Crown  gla«B. 

Flint  glas3. 

PerceDtage  of  light  reflected  before  repolishing 

378 

5-20 

??  9? 

after  repolishing 

r  Immediately  .... 
t  After  an  interval 

4-27 

4-31 

6T4 

572 

5?  ?? 

calculated  from 

the  observed  index  of 

refraction  . 

4T9 

578 

A  number  of  measurements  were  made  of  the  light  reflected  by  the  crown  glass  at 
various  angles  before  and  after  I’epolishing ;  the  means  of  the  results  contained  in 
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Table  XII.,  and  also  tliose  for  crown  glass  from  Table  XIX.,  are  given  in  the  second 
and  third  columns  of  Table  XX.  The  amount  of  light  which,  according  to  Fresnel’s 
theory,  should  have  been  reflected  by  the  glass  was  calculated  for  the  various 
incidences  by  means  of  the  formula 

T  3  _  1  [  sin^  (i  —  r)  tan-  (i  —  r)  ]  ^ 

’’  ^  \sin®  {i  +  r)  taii^  {i  +  r)J 


the  values  of  r  being  determined  from  the  observed  value  of  the  refracting  index  of 
the  glass  ;  the  fourth  column  contains  the  results. 

By  assuming  the  truth  of  the  theory,  the  value  of  the  refractive  index  could,  of 
course,  be  readily  deduced  from  the  amount  of  light  reflected  at  a  nearly  normal 


incidence,  this  being  equal  to 


-  1\3 


n  1 


Before  repolishing,  the  crown  glass  reflected 


3’78  per  cent,  of  the  incident  light ;  hence,  the  value  of  n  would  be  1’4842.  Assuming 
that  such  was  the  case,  the  amount  of  light  reflected  by  the  glass  at  various  angles 
was  calculated,  and  these  numbers  are  given  in  the  fifth  column. 


Table  XX. 


Percentage  amount  of  Light  Beflected  by  Crown  Glass. 


Angle  of  incidence. 

Observed. 

Calculated. 

Before 

repolishiug. 

After 

repolisliing. 

Prom  observed 
value  of  n. 

From  calculated 
value  of  n. 

O 

6 

17  -{ 

6 

47  > 

3-78 

4-29 

4-19 

7 

30  J 

10 

0 

3-80 

4-41 

4-19 

3-81 

20 

0 

3-77 

4-81 

4-21 

3-81 

30 

0 

3-92 

4-55 

4-34 

3-93 

40 

0 

4-52 

5-30 

4-77 

4-34 

50 

0 

5-53 

6-27 

5-98 

5-52 

56 

34 

^  7-22 

8-24 

7-62 

7-23 

60 

0 

8-54 

9-88 

9-16 

8-63 

65 

0 

11T6 

12-28 

12-31 

11-75 

70 

0 

15-49 

18-28 

17-37 

16-78 

75 

0 

26-33 

25-58 

The  percentage  amount  of  light  reflected  before  and  after  repolishing  and  the 
amount  calculated  from  the  observed  index  of  the  glass  are  represented  by  the  carves 
on  Plate  8,  fig.  4,  where  the  abscissae  are  the  angles  of  incidence,  and  the  ordinates 
the  percentages.  The  curve  for  the  values  deduced  from  the  index  calculated  from  the 
amount  of  light  reflected  normally  is  not  given,  as  it  coincides  so  closely  with  the 
curve  for  the  glass  in  its  original  state  that,  in  order  to  render  the  differences  visible, 
it  would  have  been  necessary  to  draw  the  diagram  on  a  much  larger  scale. 

2  o  2 
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More  observations  were  made  with  the  glass  before  repolishing  than  after,  which 
accounts  for  the  one  curve  being  so  much  smoother  than  the  other. 

These  results  show  (1)  that  repolishing  increased  the  amount  of  the  reflected  light ; 
(2)  that  before  repolishing  the  amount  of  light  reflected  was  less  than  the  theoretical 
amount  calculated  from  the  observed  index  of  refraction  of  the  glass,  but  that  in  the 
case  of  the  crown  glass,  by  assuming  a  value  for  the  index  in  accordance  with  the 
amount  of  light  reflected  at  a  perpendicular  incidence,  the  amount  reflected  at  other 
angles  by  the  glass  before  repolishing  was  given  correctly  by  the  formula  ;  (3)  that 
after  repolishing  the  observed  amount  of  light  reflected  exceeded  the  calculated 
amount ;  (4)  that  in  the  case  of  the  flint  glass  what  may  be  described  as  the 
“  polishing-eflect  ”  passed  off  in  the  course  of  a  day  or  two,  and  then  the  theoretical 
and  actual  intensities  of  the  reflected  light  agreed,  but  that  with  the  crown  glass  this 
did  not  appear  to  be  the  case. 

The  effect  of  repolishing  being  to  increase  the  amount  of  light  reflected  by  the  glass, 
it  seemed  desirable  to  ascertain  whether  repolishing  would  produce  any  change,  and, 
if  so,  whether  increase  or  diminution,  in  the  amount  transmitted.  If  the  increase  in 
the  reflected  light  were  due  to  a  more  perfect  surface  being  obtained,  and,  therefore, 
to  less  light  being  irregularly  reflected  or  diffused,  the  intensity  of  the  transmitted 
beam  would  certainly  not  be  weakened  by  repolishing  ;  if,  however,  it  were  due  to  an 
increase  in  the  refractive  index  of  the  surface-layer  of  the  glass,  then  the  mtensity  of 
the  transmitted  beam  would  be  decreased. 

Table  XXL  contains  the  means  of  the  values  set  forth  in  Tables  XIII.  and  XIV., 
and  in  the  second  column  the  values  for  tlie  transmitted  light  obtained  with  the  same 
samples  of  glass  two  years  previously  (see  Table  VI.). 

Table  XXI. 


Percentage  amount  of  Light  Transmitted  by  Crown  Glass. 


Original 

Not 

Repolislied  with 

Repolished  with 

determinations. 

repoli.sLed. 

rouge. 

putty. 

6'5  mm.  2;)late  . 

91-.50 

91-53 

90-60 

11-5  „  .  . 

90-07 

90-28 

89-77 

89-75 

15-0 

89-13 

89-31 

88-61 

88-72 

18-5  ,,  .  . 

88-51 

88-55 

24-3  „  .  . 

87-16 

8G-91 

87-77 

AND  TRANSMITTED  BY  CERTAIN  KINDS  OF  GLASS. 


285 


Percentage  amount  of  Light  Transmitted  by  Flint  Glass. 


Repolishcd  with  putty  and  examined 

Original 

Not 

determinations. 

repolishcd. 

Immediately. 

After  an  interval. 

7  mm.  thick  . 

88-83 

92-66 

49 

85-40 

84-55 

85-03 

69-5  „  .  . 

82-57 

84-^5 

91-3  „  .  . 

80-74 

These  numbers  show  that,  except  with  the  24'3  mm.  plate  of  crown  glass,  the  effect 
of  repolishing  was  to  decrease  the  amount  of  light  transmitted  by  both  kinds  of 
glass ;  they  also  show  that,  whilst  the  amount  transmitted  by  the  crown  glass  was  the 
same  as  when  it  was  first  examined,  the  amount  transmitted  by  the  flint  glass  had 
increased  considerably,  although  both  kinds  of  glass  had  been  kept  during  the  interval 
wrapped  in  soft  paper  and  in  the  same  room. 

The  24'3  mm.  plate  of  crown  glass  behaved  difierently  from  the  others.  As  is 
stated  in  Table  XIII.,  it  was  first  cleaned,  and  the  amount  of  light  it  transmitted 
determined  ;  each  surface  was  then  polished  for  20  minutes  with  fine  rouge  on  a  silk 
polisher.  This  produced  no  change,  and  the  plate  was,  therefore,  sent  to  an  optician, 
who  returned  it  with  the  statement  that  it  had  been  “  polished  with  rouge  on  pitch, 
almost  dry,  to  get  a  high  polish.”  The  moment  the  glass  was  placed  in  the  photo¬ 
meter  the  polish  was  seen  to  be  defective,  the  surface  being  apparently  grained,  and, 
as  the  table  shows,  its  transmissive  power  was  greatly  decreased  ;  it  was  returned  to 
the  optician  to  be  again  repolished,  and  then  it  let  through  more  light  than  when 
first  tested. 

The  values  of  p,  calculated  with  the  value  of  a  previously  obtained  (p.  280),  are 
given  in  Table  XXII. 

Table  XXII. 


Values  of  p  for  the  Crown  Glass. 


Original 

Not 

Repoli.shed  with 

Repolished  with 

determinations. 

repolished. 

rouge. 

putty. 

6-5  mm.  plate  . 

-9648 

•9650 

•9601 

II-5  „  .  . 

•9636 

•9647 

•9617 

■9619 

15-0  „  .  . 

•9629 

•9640 

•9601 

•9608 

18-5  „  .  . 

•9648 

•9644 

v_  ^  ^ 

24-3  „  .  . 

•9642 

•9642 

[-9672] 

Mean  .... 

•9641 

•9645 

•9609 
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Values  of  p  for  the  Flint  Glass. 


Eepolished  with  putty  and  examined  i 

Original 

Not 

1 

determinations. 

repolished. 

Immediately. 

After  an  interval.  ! 

7  mm.  thick  . 

•9463 

•9665 

49 

•9508 

•9460 

•9482 

69'5  ,, 

•9461 

•9562 

91-3  „  .  . 

•9475 

1 

Mean  .... 

•9477 

These  results  agree  with  those  obtained  by  the  direct  measurement  of  the  reflected 
light,  and  show  that  the  effect  of  the  repollshing  is  to  increase  the  amount  of  light 
reflected  and  to  decrease  the  amount  transmitted,  and  this  latter  effect  must  be  due 
to  some  cause  other  than  a  more  perfect  surface  having  been  obtained. 

The  polish  of  the  glass  plates  was  examined  by  holding  them  close  to  the  apertm^e 
in  one  of  the  screens  of  the  photometer,  and  allowing  the  beam  of  light  from  the 
lamp  to  pass  through  the  glass,  the  cross-section  of  the  beam  being  smaller  than  the 
surface  of  the  glass,  and  all  other  light  being  carefully  excluded.  If  the  surfaces  had 
been  perfectly  polished,  they  would  have  been  quite  invisible,  but  such  was  not  the 
case,  the  shadow  cast  by  the  edge  of  the  aperture  being  just  visible  in  all  cases. 

Examined  in  this  way,  there  did  not  seem  to  be  much,  if  any,  difference  between 
the  various  plates  of  crown  glass,  of  which  two  were  in  their  original  state  and  four 
had  been  repolished,  nor  between  them  and  the  four  faces  of  the  flint  block,  of  which 
two  had  been  repolished. 

The  surfaces  of  the  crown,  and  flint  glass  wedges  used  for  the  reflection  experiments 
did  not  appear  to  be  quite  so  good  ;  the  difference,  however,  was  very  slight.  The 
7  mm.  plate  of  flint  glass  was  much  inferior  to  all  the  other  pieces,  the  boundaries  of 
the  beam  of  light  which  passed  through  it  being  distinctly  visible.  When  examined 
in  a  strong  light  there  appeared  to  be  a  slight  film  on  the  surface ;  on  continued 
rubbing  with  a  wash-leather  this  diminished,  and  then  the  surface  of  the  plate,  when 
placed  in  a  beam  of  light  in  the  dark  room,  was  less  visible  than  before.  The 
inferiority  of  the  surfaces  of  this  plate  appeared  to  be  due  to  the  films  wdiich  had 
formed  on  them,  and  not  to  any  roughness  due  to  imperfect  polishing. 

The  truth  of  Brewster’s  law,  that  the  tangent  of  the  polarising  angle  of  a 
substance  is  numerically  equal  to  its  index  of  refraction,  being  generally  admitted,  it 
seemed  desirable  to  ascertain  the  values  of  the  polarising  angles  for  the  different 
plates  before  and  after  repolishing. 

Table  XXIII.  gives  the  mean  results  collected  from  Table  XV.  The  means  show 
that  the  eflect  of  repolishing  was  in  all  cases  to  increase  the  polarising  angle,  a  result 
which  is  in  accordance  witli  those  previously  obtained. 
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Table  XXIII. — Polarising  Angles. 
Crown  Glass. 


Not  repolished. 

Repolished  with  rouge. 

Repolished  witli  putty  powder. 

O  f  // 

O  / 

o  /  u 

56  14  30 

56  22  30 

56  49  0 

56  21  30 

56  28  30 

56  49  30 

56  25  30 

56  42  30 

56  37  30 

56  52  0 

Mean  56  20  30 

56  32  45 

56  50  10 

Flint  Glass. 


Not  repolished. 

Repolished  with  putty  powder. 

O  /  // 

58  14  0 

O  /  // 

58  48  0 

58  44  0 

Mean  58  14  0 

58  46  0 

Table  XXIV.  gives  the  values  of  the  refractive  indices  of  the  two  kinds  of  glass 
as  determined  directly,  and  as  deduced  from  the  amounts  of  the  reflected  and  trans¬ 
mitted  light,  and  from  the  values  of  the  polarising  angles,  both  before  and  after 
repolishing.  The  values  obtained  in  these  ways  do  not  agree  well  together,  those 
deduced  from  the  amount  of  the  transmitted  light  being  considerably  the  lowest ; 
they  show,  however,  that  repolishing  increased  the  theoretical  value  of  the  index  as 
determined  by  three  independent  methods. 

Table  XXIV. 

Values  of  the  Refractive  Indices. 


Crown  glass. 

Flint  glass. 

Observed . 

Calculated  from  amount  of  ligbt  reflected, 
determined  directly. 

Calculated  fi’om  amount  of  light  reflected, 
deduced  from  amount  transmitted. 

Calculated  from  polarising  angle.  < 

Before  repo]  isliing . 

After  repolisliing . 

Before  repolishing . 

_  After  rejjolishing . 

'  Before  repolishing . 

After  repolishing  with  rouge  . 

,,  „  putty  .  . 

1-5145 

1-4830 

1-5220 

1-4676 

1-4928 

1-5017 

1-5136 

1-5293 

1-6330 
1-6280 
/  1-6590* 

1  l-6290t 
1-5930 
1-6055 
1-6149 

1-6490 

*  Immediately  after  repolishIng. 
t  After  an  interval. 
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Sir  Davip  Brewster  stated,  many  years  ago  (‘Phil.  Trans.,’  1815,  p.  126),  that 
glass  “  acquires  an  incrustation  or  experiences  a  decomposition  by  ex230sure  to  the  air 
which  alters  its  polarising  angle  without  altering  its  general  refractive  power,”  and 
added  that  by  the  action  of  heat  alone  he  had  produced  a  variation  of  9°  in  the 
polarising  angle  of  flint  glass. 

Seebeck  (‘ Poggendoref,  Annalen,’  vol.  20,  1830,  p.  27)  made  a  number  of  deter¬ 
minations  of  the  polarising  angles  of  different  kinds  of  glass,  and  found  that  there  was 
considerable  difference  between  the  observed  values  and  those  calculated  from  the 
refractive  index,  except  in  the  case  of  surfaces  which  he  himself  had  ground  and 
polished  (with  emery  and  colcothar). 

With  one  specimen  of  flint  glass  the  difference  was  originally  —  38’ ;  he  then 
polished  it  himself,  and  found  that  the  difference  was  only  -p  3' ;  after  bemg  polished 
by  an  optician,  the  difference  became  -p  28'. 

Seebeck  was  of  opinion  that  these  differences  were  due  to  the  treatment  which  the 
glass  had  received  whilst  being  polished  and  cleaned,  and  that  lapse  of  time  made  no 
change.  The  only  experiments  he  appears  to  have  made  on  this  latter  point  w^ere  with 
crown  glass,  the  surface  of  which,  as  the  experiments  here  recorded  show,  does  not 
alter,  or  at  least  only  alters  very  slowly. 

Lord  Rayleigh  found  (‘Roy.  Soc.  Proc.,’  vol.  41,  p.  275)  that  repollshing  prisms  of 
crown  glass  caused  a  considerable  increase  in  the  amount  of  light  they  reflected ;  but 
his  experiments  do  not  show  that  when  the  prisms  were  first  examined  by  him  they 
reflected  less  light  than  when  they  were  originally  polished. 

Conclusion. 

It  seems  probable  that  the  amount  of  light  reflected  by  freshly  polished  glass 
varies  with  the  way  in  which  it  has  been  polished,  and  that,  if  a  perfect  surface  could 
be  obtained  without  altering  the  refractive  index  of  the  surface-layer,  then  the  amount 
would  be  accurately  given  by  Fresnel’s  formula,  but  that  usually  the  amount  differs 
from  that  given  by  the  formula,  being  sometimes  greater  and  sometimes  less. 

The  formation  of  a  film  of  lower  refractive  index  on  the  glass  would  account  for  the 
defect  in  the  reflected  light ;  but,  to  account  for  the  excess,  it  seems  necessary  to 
assume  that  the  polishing  has  increased  the  optical  density  of  the  surface-layer,  and 
the  changes  produced  in  the  amount  of  light  transmitted  and  in  the  angle  of  polarisa¬ 
tion  support  this  view. 

After  being  polished,  the  surface  of  flint  glass  seems  to  alter  somewhat  readily,  the 
amount  of  the  reflected  light  decreasing,  and  the  amount  of  the  transmitted  increasmg, 
whilst  with  crown  glass  the  change,  if  any,  proceeds  very  slowly. 

There  is  no  evidence  to  show  to  what  particular  cause  these  changes  are  due. 

The  values  of  the  transmission  coefficients  for  light  of  mean  refranaibility  for  the  two 
particular  kinds  of  glass  are  given,  and  show  that  for  1  centimetre  the  loss  by  obstruction 
amounts  to  2‘62  per  cent,  with  the  crown  glass,  and  1T5  per  cent,  with  the  flint  glass. 
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Explanation  of  Plate  8. 

Fig.  1.  Double  mirror  photometer. 

A.  Photometer  board. 

B.  Scale. 

C.  Lamp. 

DD.  Mirrors. 

E.  Block  carrying  photometer. 

F.  Photometer. 

G.  W ood  stops. 

H.  Screens. 

I.  Windows  in  screens. 

Fiof.  1a.  Photometer. 

A.  Base. 

B.  Wooden  prisms. 

CC.  Pieces  of  white  paper. 

DDD.  Windows  in  casing. 

Fig.  2.  Polarising  photometer. 

AA.  Nicols. 

B.  Bight- angled  prism. 

C.  Lamp. 

DD.  Pieces  of  white  paper. 

E.  Screen. 

Fig.  3.  Prism  photometer. 

A.  Photometer  board. 

B.  Scale. 

C.  Lamp. 

DD.  Pieces  of  white  paper. 

E.  Block  carrying  photometric  surface. 

F.  Screen. 

G.  Prisms. 

Fig.  3a.  Photometer. 

A .  Base. 

BB.  Ptight-angled  prisms. 

C.  Screw. 

Fig.  4.  Curves  representing  the  percentage  amount  of  liglit  reflected  by  crown  glass 
at  various  angles  of  incidence. 

1.  Observed  values  with  the  glass  in  its  original  condition. 

2.  Calculated  values  from  observed  index  of  refractioji. 

3.  Observed  values  with  repolished  glass. 
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IX.  On  the  Toted  Solar  Eclipue  of  August  29,  188G. 

Bg  Captain  L.  Darwin,  li.E.,  Arthur  Schuster,  Fk.D.,  F.B.S.,  and 

E,  Walter  Maunder. 


Keceived  January  28, — Read  February  14,  1889. 
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I.  Origin  of  the  Expedition  and  General  Preparations.  By  Captain 
Darwin,  Arthur  Schuster,  and  E.  W.  Maunder. 

An  expedition  for  observing  the  Eclipse  of  the  Sun  of  August,  1886,  was  organised 
and  sent  out  by  the  Boyal  Society,  the  necessary  funds  being  obtained  partly  by  a 
special  vote  from  the  Treasury,  partly  from  the  annual  grant  to  the  Bo}  al  Society, 
and  partly  from  the  Society’s  private  funds.  A  Committee  appointed  by  the  Council 
of  the  Boyal  Society  discussed  the  principal  questions  to  which  observers  Avere  to 
direct  their  attention,  and  distributed  the  available  instruments  amongst  them.  It 
was  also  decided  that,  as  far  as  the  scientific  part  of  the  work  was  concerned,  the 
observers  should  be  independent  of  each  other,  and  report  separately  to  the  Society  ; 
but  that  they  should  elect  one  of  their  members  as  chief,  to  represent  them  in  all 

2  P  2  10.12.89 


292 


CAPTAIN  L.  DARWIN,  DR.  A.  SCHUSTER,  AND  MR.  E.  W.  MAUNDER 


dealings  with  the  authorities  in  tlie  West  Indies.  Mr,  ISTorman  Lockyee,  was 
accordingly  chosen  to  be  this  representative. 

The  present  report  only  deals  with  the  photographic  results  obtained  by  its  authors. 
Mr.  Norman  Lockyer  was  the  only  other  observer  who  took  out  photographic 
instruments  ;  most  unfortunately,  the  weather  proved  so  bad  at  the  station  he  selected 
that  he  was  unable  to  see  anything  of  the  eclipse. 

Captain  Abney  was  unfortunately  not  able  to  take  part  in  the  exjDedition,  but  he 
gave  his  invaluable  help  to  the  observers  in  their  preparations,  and  in  this  way 
contributed  most  materially  to  whatever  success  the  photographic  part  of  the  expedi¬ 
tion  may  have  obtained.  The  photographic  plates  used  by  Dr.  Schuster  and  Mr. 
Maunder  were  prepared  by  him,  and  we  wush  to  offer  him  our  best  thanks  for  the 
assistance  he  has  rendered  us. 

The  expedition  left  England  on  the  29th  of  July,  1886,  and  arrived  at  St.  George, 
Grenada,  on  the  12th  of  August.  A  letter  had  kindly  been  sent  by  the  Colonial 
Oflice  to  the  colony,  stating  what  the  requirements  of  the  expedition  would  be.  The 
members  consequently  found  on  their  arrival  that  the  Governor,  Mr.  W.  J.  Sendall, 
had  made  every  possible  inquiry  as  to  the  best  sites  for  the  observatories,  taking  into 
consideration  the  weather  probabilities  as  well  as  their  personal  comfort ;  and  they 
have  to  thank  him  tor  the  greatest  courtesy  and  consideration  during  the  whole  of 
their  stay  in  the  island.  The  protection  of  the  instruments  having  been  mentioned 
in  the  Colonial  Office  lecter.  Captain  I.  C.  Maling,  the  Colonial  Secretary,  very 
kindly  prepared  models  of  huts  which  could  be  cheaply  and  readily  constructed  on  the 
spot.  When  the  expedition  arrived  at  Barbadoes  on  their  outward  journey,  they 
found  these  models  awaiting  them.  A  telegram  was  despatched  to  Grenada  approving 
generally  of  the  design,  and  thus  work  was  actually  commenced  before  the  arrival  of 
the  expedition  in  the  island. 

Before  the  observers  left  England,  the  President  of  the  Boyal  Society  had  written 
to  the  Admiralty  requesting  the  co-operation  of  any  men-of-war  that  might  be  on  the 
station.  As  a  result  of  this  communication,  three  of  Her  Majesty’s  ships — the 
“  Fantome,”  Commander  B.  H.  Archer,  R.N.  ;  the  “  Bullfrog,”  Lieutenant  J.  Mas- 
TERMAN,  Bt.N.  ;  and  the  “  Sparrowhawk,”  Lieutenant  C.  F.  Oldham,  R.N. — were  found 
ready  and  prepared  to  render  every  assistance.  Every  member  of  the  expedition  felt 
grateful  for  the  willing  way  in  which  tlie  valuable  assistance  of  both  the  officers  and 
men  of  these  ships  was  given  ;  and  the  President  of  the  Royal  Society,  in  a  letter  to 
the  Admiralty  on  the  return  of  the  expedition,  expressed  the  value  to  science  of  such 
ready  co-operation. 

After  the  arrival  of  the  expedition  at  Grenada,  two  or  three  days  were  occupied  in 
selecting  stations  and  making  preparations  for  conveying  the  observers  to  their  desti¬ 
nations.  St.  George  itself  was  not  favourably  situated,  and  it  was  moreover  considered 
advisable  to  scatter  the  observatories  as  much  as  possible,  so  as  to  avoid  the  chance  of  a 
single  mass  of  cloud  proving  fatal  to  the  whole  expedition.  The  observers  were  therefore 
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divided  into  four  groups,  and,  with  the  aid  of  the  above-mentioned  ruen-of-war,  they 
soon  found  themselves  distributed  amongst  their  various  stations.  Mr.  Maunder, 
who  accompanied  the  Rev.  S.  J.  Perry,  was  conveyed  in  the  “  Bullfrog”  to  Carriacou 
Island,  where  a  station  was  selected  near  the  southern  extremity  of  the  island,  close 
to  a  small  house  called  “  the  Hermitage,”  belonging  to  Mr.  Peter  Drummond,  a 
gentleman  of  Jersey,  who  happened  most  fortunately  to  be  visiting  Carriacou  at  the 
time,  and  who,  in  the  most  generous  manner,  gave  up  the  use  of  his  premises  to  the 
observers.  Mr.  Schuster  and  Captain  Darwin  were  dropped  at  Prickly  Point  by 
the  “Fantome,”  and  there  they  found  excellent  quarters  in  a  house  which  Mr.  F.  M. 
Chadwick,  the  Colonial  Treasurer,  kindly  placed  at  their  disposal. 


II.  Preparations  for  the  Eclipse  at  Prickly  Point.  By  Captain  Darwin 

and  Arthur  Schuster. 

The  instruments  used  during  totality  at  Prickly  Point  were  mounted  on  two 
equatorial  stands,  which  were  placed  in  separate  huts  at  a  distance  of  about  20  yards 
from  each  other.  On  the  evening  of  Thursday,  August  19,  tlie  polar  axes  of  both 
stands  were  adjusted  in  the  usual  way.  Finders  had  been  attached  for  this  purpose 
to  the  photographic  cameras,  but  more  attention  -should  be  given  in  future  to  have 
these  finders  in  convenient  positions  for  observation,  and  of  not  too  small  an  aperture. 

One  instrument,  which  was  under  Captain  Darwin’s  charge,  was  placed  on  a  solid 
rock  foundation,  and  the  first  adjustment  was  therefore  considered  sufficient,  especially 
as  extreme  accuracy  was  not  required  for  the  purpose  for  which  it  was  chiefly 
employed. 

The  foundation  for  the  equatorial  stand  which  carried  Dr.  Schuster’s  instrument 
did  not,  unfortunately,  prove  sufficiently  firm.  As  there  was  reason  to  fear  that  the 
heavy  rains  during  the  week  preceding  the  eclipse  might  have  altered  the  position  of 
the  polar  axis  sufficiently  to  Interfere  with  the  sharpness  of  the  image,  and  as  the 
camera  could  not  be  reversed  for  adjustment  as  long  as  the  spectroscopes  were 
attached  to  it,  these  were  once  more  removed'  on  Friday,  August  27,  two  days  before 
the  eclipse,  and  the  routine  of  adjustment  once  more  gone  through.  From  observa¬ 
tions  taken  the  day  after  the  eclipse  it  appeared  that  the  altitude  of  the  polar  axis 
was  about  3'  too  low ;  the  error  was  therefore  sufficiently  small  not  to  produce  a 
detrimental  effect  during  the  time  of  exposure. 

The  clocks  of  the  instruments  were  frequently  adjusted,  by  comparing  the  rotation 
of  the  hour  circle  when  the  instrument  was  going  with  the  time  marked  on  a 
chronometer.  In  neither  case  were  the  instruments  and  their  stands  designed  for 
each  other,  and  it  was  found  mipossible  to  balance  the  instruments  properly  without 
a  too  great  increase  of  weight.  Thus  the  work  which  the  clocks  had  to  perform  was 
very  different  in  different  positions  of  the  instrument.  To  remedy  this  evil  as  much 
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as  possible,  the  clock  adjustment  was  carried  on  in  the  position  which  the  equatoriais 
Vv’ere  to  have  during  totality. 

Owing  to  the  unsettled  state  of  the  weather,  the  preparations  for  the  eclipse  were 
carried  on  under  great  difficulties,  and  the  time  at  our  disposal  was  found  barely 
sufficient.  We  arrived  at  the  observatory  on  a  Tuesday,  and  the  remainder  of  that 
week  was  taken  up  with  the  erection  of  the  equatoriais  and  the  preliminary  adjust¬ 
ments  of  the  various  instruments.  During  the  week  preceding  the  eclipse  much 
time  was  lost  owing  to  the  frequent  interruption  of  the  work  by  heavy  tropical 
showers.  Tuesday  and  Wednesday  were  wet  and  stormy  and  no  direct  Sun  light  was 
available,  although  much  required,  to  get  the  instruments  into  working  order. 
Thursday  wa.s  hue,  and  in  the  morning  good  progress  was  made  ;  but  Friday  was 
again  wet,  and  was  followed  by  a  rainy  night.  Saturday,  the  day  before  the  eclipse, 
was  cloudy  in  the  morning,  and  the  Sun  only  appeared  at  intervals.  Our  experience 
has  thus  taught  us  that  a  fortnight’s  time  for  preparation  is  hardly  sufficient  when 
two  observers  have  to  look  after  five  different  instruments,  all  requiring  careful 
treatment.  After  the  days  had  been  spent  in  continuous  work,  the  evenings  were 
taken  up  with  the  preparation  of  photographic  chemicals  and  occasional  star 
observations. 

We  were  without  intelligent  help  except  during  the  two  days  when  Mr.  Lawrance 
came  to  Prickly  Point.  We  had  taken  him  out,  jointly  with  Professor  Thorpe,  as 
private  assistant,  anticipating  the  great  difficulties  we  should  have  to  encounter.  His 
time,  however,  was  chiefly  taken  up  at  Hog  Island,  where  Professor  Thorpe  was 
observing,  but  our  thanks  are  due  to  him  for  the  assistance  he  gave  us  during  these 
two  days.  As  for  unskilled  help,  we  engaged  I'or  the  whole  time  one  negro  servant, 
but  now  consider  we  should  have  done  better  to  have  had  two. 

The  damp  climate,  with  its  steady  temperature,  varying  day  and  night  only  between 
81°  and  85°,  proved  very  exhausting,  and  the  work  could  not  be  carried  on  as  well 
and  as  quickly  as  it  might  have  been  under  more  favourable  circumstances. 

The  richness  of  animal  life  proved  a  source  of  great  annoyance.  Mosquitos 
abounded  in  our  residence.  Wasps  built  their  nests  and  spiders  spun  their  webs  with 
remarkable  rapidity.  The  photographic  room  and  even  one  of  the  equatorial  stands 
had  to  be  cleared  of  wasps’  nests,  and  a  dense  spider’s  web  was  found  an  hour  before 
totality  stretched  across  the  slit  of  one  of  the  spectroscopes ;  the  slit  having  been 
perfectly  clear  the  night  before. 

It  is  difficult  to  realise  at  home  the  special  difficulties  of  temporary  observatories, 
but  we  venture  to  suggest  that  more  skilled  assistance  should  be  provided  at  future 
eclipses.  Although  at  Prickly  Point  we  were  enabled  to  carry  out  our  programme 
with  hardly  any  mishaps,  we  feel  obliged  to  point  out  the  difficulties  under  which 
we  worked  and  which  might  easily  have,  led  to  serious  accidents.  For  example,  five 
minutes  before  totality,  Captain  Darwin’s  clock  stopped  altogether,  although  it  is 
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believed  every  possil)le  pains  liad  been  taken  in  its  regulation.  It  was  only  by  a 
lucky  alteration  in  tbe  balance  at  the  last  moment  that  it  was  induced  to  go  on  at  all. 

Captain  Archer  had  kindly  sent  us  two  sailors  to  render  help  during  totality,  viz., 
Samuel  Browett,  signalman,  and  Henry  Steele,  petty  officer.  One  of  these  two 
was  placed  between  the  two  huts  to  call  out  the  time  at  intervals  of  half  a  minute 
while  the  other  was  to  assist  Captain  Darwin  in  the  inahipulation  of  his  instrument. 
They  both  did  what  was  required  of  them  admirably. 

During  totality  Captain  Darwin  required  no  other  assistance,  as  his  programme 
was  not  heavy  ;  but  with  Dr.  Schuster,  whose  whole  observations  were  iricluded  in 
that  time,  the  case  was  different.  He  gratefully  accepted  therefore  the  help  offered 
to  him  by  Dr.  P.  F.  McLeod,  the  rifficer  of  health  in  Grenada,  and  by  Mr.  Murray, 
who  accompanied  the  expedition  as  naturalist. 

Captain  Maling  had  undertaken  to  make  a  drawing  of  the  outer  parts  of  the 
corona.  According  to  a  suggestion  of  Mr.  Lockyer’s,  a  disc  had  been  prepared 
6f  inches  in  diameter.  When  placed  at  tlm  proper  distance  the  Moon  and  the  inner 
parts  of  the  corona  could  be  screened  off  by  means  of  this  disc.  It  was  placed  on  a 
wooden  support  at  the  top  of  an  incline  which  ran  down  from  the  observatorv  to  the 
sea  shore.  A  post  w'as  driven  into  the  ground  some  distance  away  from  the  disc. 
The  observer  was  to  look  through  a  small  hole  in  the  post.  This  arrangement, 
however,  wants  very  careful  adjustment,  and  we  had  not  much  time  to  spare,  as  the 
principal  objects  of  the  expedition  monopolised  nearly  all  our  attention.  Whether 
from  want  of  adjustment  or  from  other  causes,  we  cannot  now  decide.  Captain 
Maling’s  drawing  includes  the  wdiole  o'f  the  corona  down  to  the  prominences. 
Captain  Maling’s  statement  is  included  in  this  report. 

The  following  Table  gives  the  position  of  the  observatory  and  various  data  connected 
with  the  eclipse  : — 


Latitude . 

1 2° 

0' 

N. 

Ijongitude . 

.  .  61° 

4.5' 

w. 

Commencement  of  totality — 

h. 

TTl, 

S, 

G.M.T . 

.  .  .  23 

17 

12 

L.M.T . 

.  .  .  19 

10 

12 

Duration  of  totality . 

— 

3 

50 

Altitude  of  Sun . 

18° 

45' 

Parallactic  anMe . 

oo 

o 

o 

25' 

Angle  between  circle  of  declination  and  Sun’s 

axis  towards  East . 20°  37' 
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III.  Totality  at  Prickly  Point.  By  Captain  Darayin  and  Arthur  Schuster. 

It  has  been  mentioned  that  during  the  week  preceding  the  eclipse,  which  took  place 
on  the  Sunday,  the  Y^eather  had  been  very  unfavourable ;  but  the  clouds  cleared  away 
on  Saturday  afternoon,  the  sunset  vms  fine,  and  experience  had  taught  us  that  a  fine 
evening  v^as  generally  follovmd  by  a  fine  morning.  Our  prospects,  therefore,  were 
very  good  on  Saturday  night,  but  early  on  Sunday  morning  the  wind  rose,  which  v^as 
a  bad  sign.  At  five  o’clock,  however,  when  we  got  up,  the  sky  was  still  perfectly 
clear ;  the  clouds  came  from  the  East  at  half-past  five,  at  first  in  the  form  of  detached 
cumuli,  but  before  long  the  whole  sky  towai’ds  the  East  was  overcast.  The  Sun  rose 
behind  the  clouds  and  was  still  hidden  when  the  time  for  first  contact  arrived.  It 
was  only  twenty  minutes  before  totality  that  the  crescent  of  the  Sun  appeared,  and 
then  the  wind  soon  made  a  clearance  all  round  him. 

Ten  minutes  before  totality  the  sky  v^as  clear.  The  last  instructions  were  given, 
the  instruments  put  in  position,  and  everybody  took  his  appointed  place.  Five 
minutes  before  totality,  as  the  darkness  increased  visibly,  the  vmather  seemed  safe. 
Another  minute  passed  and  danger  once  more  threatened;  a  small  cloud  rising  from 
the  South-East  was  driven  by  the  wind  right  towards  the  Sun.  The  Aloon  from  above 
descended  over  the  Solar  disc,  and  it  seemed  a  race  between  the  Aloon  and  the  cloud 
which  should  cover  it  first.  Totality  began,  and  the  corona  became  distinctly 
visible,  but  \vas  obscured  again  almost  instantaneously  by  the  cloud.  For  about 
three-quarters  of  a  minute  the  corona  was  only  seen  through  a  film  of  cloud  as  a 
narrow  hazy  ring.  The  corona  finally  appeared,  and  remained  clear  as  long  as  totality 
lasted. 

Lieutenant  B.  J.  Kidd,  then  Private  Secretary  to  the  Governor  of  Grenada,  took 
temperature  observations  every  five  minutes  for  one  quarter  of  an  hour  before  and 
after  totality.  His  numbers  are  as  follows 


ll. 

m. 

0  Fahr. 

6 

55 

82 

! 

0 

82 

t 

5 

82 

7 

10 

81-75 

7 

15 

81-75 

7 

20 

81-5 

7 

25 

82 

7 

30 

82-5 

As  the  commencement  of  totality  took  place  at  7"  10“  it  will  be  seen  that  during 
totality  the  thermometer  only  fell  one  quarter  of  a  degree  Fahrenheit,  and  reached  its 
lowest  point  about  ten  minuntes  after  totality.  The  \vhole  change  in  temperature 
was  exceptionally  small. 
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IV.  On  the  Accuracy  required  in  Adjusting  an  Equatorial  for  Photographic 
Purposes  during  Total  Solar  Eclipses.  By  Arthur  Schuster. 

Observers  preparing  for  a  total  Solar  eclipse  have  in  general  only  a  very  moderate 
time  at  their  disposal,  and  it  is  of  great  importance  to  them  to  settle  beforehand  to 
what  degree  of  accuracy  the  adjustment  of  their  instruments  is  to  he  carried.  The 
time  which  is  spent  over  adjustment  in  any  one  direction  must  necessarily  be  taken 
away  from  other  more  important  matters,  as  there  is  never  any  lack  of  work  on  these 
occasions. 

If,  for  instance,  a  photographic  picture  of  the  Solar  corona  is  to  be  obtained,  it  would 
be  clearly  waste  of  time  to  refine  on  the  adjustments  of  the  equatorial  or  the  rate  of 
the  clock  beyond  the  point  at  which  the  Sun’s  change  in  declination  would  produce  a 
visible  effect.  We  shall  see  that  this  consideration  limits  the  time  of  exposure  for 
which  the  full  advantage  of  the  aperture  of  the  lens  can  be  realised,  and  tbis  again 
will  give  us  a  limit  beyond  which  it  would  be  unnecessary  to  adjust  the  equatorial. 
We  might,  indeed,  take  the  Sun’s  apparent  motion  into  account,  and  point  the 
instrumental  axis,  not  to  the  pole,  but  to  some  point  near  it,  which  might  easily  be 
determined  by  calculation.  We  shall  see,  however,  that  the  available  time  of  exposure 
of  a  4-inch  lens  is  quite  sufficient  for  our  present  requirements,  and  that  it  is  therefore 
unnecessary  to  make  allowance  for  the  Sun’s  change  of  declination. 

When  the  instrument  is  nearly  adjusted,  the  relation  between  the  true  declination 
of  a  star  8  and  the  apparent  declination  8'  is  given  by — 

8  =  8’  —  y  cos  (r  —  8), 

where  y  is  the  angle  between  the  true  pole  and  the  instrumental  pole,  r  is  the  hour 
angle  of  the  star,  and  8  the  hour  angle  of  the  instrumental  pole.  If  8  is  constant  the 
change  of  apparent  declination  from  bad  adjustment  in  a  short  time  t  is  found  from 
the  above  equation  to  be  —  sin  (t  —  8),  which  will,  numerically,  always  be  smaller 
than  yt.  If  the  time  t,  measured  in  minutes  of  time,  is  p,  we  can  write  for  this 
maximum  change — 

44  X  10-^  py. 

We  find  in  this  way  that  a  change  of  apparent  declination  of  one  second  of  arc  per 
minute  could  be  produced  if 

y  =  3’  49". 

Now,  tbe  change  of  the  Sun’s  declination  may  be,  and  during  the  last  eclipse  w^as, 
nearly  one  second  of  arc  per  minute.'''  It  will  be  unnecessary,  therefore,  to  spend  any 

*  During  the  total  phase  of  the  late  eclipse,  owing  to  the  low  altitude  of  the  Sun  (18°  45'),  the 
apparent  change  of  altitude  due  to  change  of  refraction  was  about  2^  seconds  of  arc ;  but  the  change  in 
declination  due  to  I’efraction  was  small,  and  generally  the  effects  of  refraction  may  be  neglected. 
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time  in  making  the  angle  y  smaller  than  that  given  by  the  above  value,  as  a  closer 
adjustment  may  in  some  cases  make  matters  worse  instead  of  better. 

Special  considerations  may  of  course  induce  observers  to  adjust  their  iustruments 
more  accurately.  If,  for  instance,  the  equatorial  adjustment  is  to  be  done  once  for  all 
about  a  fortnight  or  a  week  before  the  eclipse,  and  if  the  conditions  of  tlie  foundation 
on  which  the  pillar  rests  give  grounds  for  fear  that  the  position  may  slightly  change, 
it  would  be  wise  to  aim  at  a  greater  accuracy  in  the  first  instance,  so  as  to  give  some 
play  for  change. 

So  far  the  adjustments  do  not  depend  on  the  size  of  the  object-glass,  but,  if  we  want 
to  make  the  best  use  we  can  of  the  aperture,  an  apparent  shifting  of  the  Sun’s  image 
during  the  time  of  exposure  must  be  confined  within  small  limits,  which  we  have  now 
to  fix. 

The  central  disc  of  a  star,  or  of  a  small  object  at  a  great  distance,  has  an  angular 
radius  @  in  the  focal  plane  of  the  telescope,  given  by 

@  =  l-22\/Pt, 

when  R  is  the  diameter  of  the  objective.  Experience  shows  that  small  objects  can, 
under  favourable  circumstances  and  with  strong  illumination,  be  resolved  when  the 
centre  of  one  diffraction  disc  coincides  wdth  the  first  dark  ring  ;  but  for  objects  having 
no  well-defined  boundaries  we  must  give  wider  limits,  and  I  therefore  take  the  point 
of  fair  resolution  to  be  reached  when  the  first  two  dark  rings  touch,  so  that  the  star 
discs  stand  perfectly  clear  of  each  other.  In  order  to  find  out  experimentally  to 
what  extent  a  small  shifting  of  the  images,  such  as  might  be  produced  by  defective 
adjustment  of  the  equatorial,  might  influence  the  possibility  of  resolution,  I  drew  on 
a  piece  of  paper  two  circles  touching  each  other,  corresponding  to  the  two  star  discs, 
and  another  similar  set  above  them  slightly  displaced  in  the  line  joining  the  centres. 
It  was  found  that  a  displacement  of  one-tenth  of  the  distance  between  the  centres 
of  the  disc  could  only  affect  tiie  resolution  to  a  slight  degree.  We  may,  therefore, 
consider  a  displacement  through  one-fifth  of  the  radius  of  each  disc  allowable  with¬ 
out  impairing  definition.  There  is  always  something  arbitrary  in  the  fixing  of  these 
limits,  but  it  must  be  done  in  every  investigation  in  which  we  want  to  determine  the 
accuracy  to  be  aimed  at.  As  object-glasses  of  diffei-ent  makers  Avould  probably  differ 
10  per  cent,  in  their  observed  resolving  powers,  the  limit  chosen  seems  a  fair  and 
reasonable  one. 

We  may  allow  then  an  angular  shifting  of 

</>  =  0/5  =  1-22  X/5II  =  1-22  X  10  "VR 

if  we  substitute  for  X  its  mean  value  of  about  5  X  10“®  cm.  This  gives  a  value 
for  cf>  which  varies  inversely  with  the  aperture,  and  is  equal  to  2 ‘5  seconds  of  arc 
for  one  centimeter  aperture.  If  the  exposure  takes  place  during  p  minutes,  and  if 
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the  change  of  the  Sun’s  declination  in  one  minute  is  t  seconds  of  arc,  the  displace¬ 
ment  will  be  pT,  and  we  get  for  the  longest  time  of  exposure  compatible  with  full 
definition — 

Epr  =  2-5. 

In  the  West  Indian  Eclipse  II  was  10  and  r  was  '9,  which  gives  about  17  seconds 
as  time  of  exposure.  This  is  sufficient  for  obtaining  a  good  image  ;  and  we  conclude, 
therefore,  that  an  adjustment  of  the  polar  axis  to  about  3'’5  is  sufficient  for  full 
definition.  Photographs  taken  with  longer  exposures  would  chiefly  serve  to  fix  the 
fainter  parts  of  the  outer  corona. 

By  the  ordinary  means  of  adjusting  an  equatorial  it  is  not  difficult  to  obtain  the 
necessary  accuracy ;  nevertheless,  the  calculation  shows  that  we  can  by  no  means 
neglect  to  go  through  the  full  routine  of  adjustment,  and  no  equatorial  should  be  sent 
(jut  for  eclipse  purposes  without  complete  appliances  in  the  way  of  good  finders, 
circles  which  are  easily  read,  &Ci 

The  adjustment  of  the  rate  of  the  clock  to  the  necessary  accuracy  is,  as  will  appear, 
much  more  difficult. 

We  have  seen  that  the  angular  displacement  may  reach,  but  should  not  exceed, 
1'22  X  10“°/E  during  the  time  of  exposure.  Reduced  to  seconds  of  time,  this  is 
equal  to  ‘If/R,  or,  if  the  exposure  is  to  be  q  seconds  of  time,  the  error  of  the  clock 
should  not  exceed  TT/qR,  which  for  an  exposure  of  17  seconds  and  an  aperture  of 
10  cm.  is  one  part  in  a  thousand. 

The  instrument  we  had  at  our  disposal  did  not  allow  an  adjustment  as  accurate 
as  this.  At  Prickly  Point  it  was  found  difficult  to  go  beyond  an  accuracy  of  one  per 
cent.  No  record  of  the  rate  was  taken  at  Carriacou,  but  it  was  probably  no  better 
than  at  Prickly  Point.  This  would  show  that  full  definition  would  not  be  possible 
with  an  exposure  of  more  than  two  seconds.* 

We  may  finally  calculate  by  how  much  the  efficient  aperture  is  reduced  if  the  errors 
due  to  adjustment  are  greater  than  those  we  have  hitherto  allowed.  If  the  centres  of 
two  star  discs  are  separated  bj^  a  distance  2@  -fi  K,  a  displacement  equal  to  K  would 
just  bring  them  into  contact.  A  telescope  which  to  the  eye  would  resolve  two 
stationary  stars  at  a  distance  2®  will,  if  during  the  time  of  photographic  exposure  the 
displacement  is  K,  have  its  effective  aperture  reduced  in  the  ratio  of  (20  -p  K)  :  20. 
Hence,  if  R’  be  the  effective  aperture 


R  -  E'  _  K 
ir  ’  “  20‘ 

*  Some  of  the  statements  made  here  do  not  agree  with  those  made  in  the  Preliminary  Account 
(‘  Roy.  Soc.  Proc.’  vol.  42,  p.  180).  The  discrepancy  is  accounted  for  by  the  fact  that  I  previously  took 
wider  limits  for  the  allowable  shifting  due  to  the  motion  of  the  telescope,  and  that  T  have  since  then 
subjected  the  photographs  to  a  closer  investigation  as  regards  fineness  of  detail  actually  shown. 
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Hitherto  we  have  put  K  =  ;  but  supposing  the  rate  of  the  clock  is  such  that 

during  the  exposure  K  =  20,  which  was  very  nearly  the  case  during  the  late  eclipse, 
the  above  equation  shows  that  the  effective  aperture  was  reduced  to  half,  or  that  the 
photographs  could  not  show  anything  which  an  eye-observer  with  a  telescope  of 
2-inch  aperture  might  not  have  seen. 

Let  us  now  turn  our  attention  to  the  resolving  powers  which  have  hitherto  been 
actually  obtained  in  photographs  taken  of  the  corona. 

During  the  Eclipse  of  1871  two  prominences  were  separated  in  a  photograph, 
which  were  at  a  distance  of  15  seconds,  and  the  corona  itself  gives  no  evidence  of 
a  finer  structure.  The  aperture  used  was  4  inches.'" 

In  the  corona  photograph  of  1882  the  diameter  of  one  prominence  subtends  an 
apparent  angle  of  about  15  seconds.  As  far  as  the  photograph  is  concerned,  we  have 
no  reason  to  suppose  that  an  aperture  resolving  two  stars  at  a  distance  of  15  seconds 
could  not  have  shown  everything  that  is  seen  on  the  photograph,  for  no  detail  of  the 
corona  gives  evidence  of  smaller  structure.  This  gives  an  aperture  of  2  inches  as 
sufficient  to  resolve  all  the  detail  shown  in  this  photograph. 

An  examination  of  the  drawing  made  by  Mr.  Wesley  of  the  present  eclipse  gives 
substantially  the  same  result. 

The  4 -inch  glasses  used  in  the  eclipses  which  I  have  mentioned  all  give,  therefore, 
a  resolution  equal  to  that  obtainable  with  a  2-inch  aperture  on  a  stationary 
object. 

During  the  last  eclipse  the  regularity  of  the  clock  motion  was,  as  we  have  seen,  not 
sufficient  to  give  more  perfect  images  ;  the  same  cause  has  very  likely  stood  in  the 
way  of  more  perfect  images  during  previous  echpses.  We  have  at  present  no  reason 
to  suppose  that  the  corona  possesses  any  structural  detail  that  could  not  be  seen  with 
an  aperture  of  two  inches,  and  it  wmuld  be  very  desirable  if  eye  observations  could  be 
taken  at  some  future  eclipse  which  would  give  us  some  idea  of  the  detail  of  the 
structure  visible  with  larger  instruments. 

But  it  is  very  remarkable  that  the  definition  obtained  is  just  what  we  should  have 
to  expect,  if  we  take  the  error  of  clock  motion  into  account.  If  the  motion  of  the 
clock  is  regular,  we  should  by  shorter  exposures  get  in  great  part  over  the  difficulty  of 
adjustment,  but  in  the  instruments  which  have  been  at  our  disposal  the  mechanism  of 
transmission  from  the  clock  to  the  telescope  is  not  as  perfect  as  it  might  be  made, 
and  the  irregular  vibrating  motion  produced  by  this  cause  'would  be  sufficient  to 
damage  the  sharpness  of  the  image. 

There  does  not  seem  to  be  any  advantage  at  present  in  using  larger  apertures  in 
future  eclipses,  at  least  if  these  larger  apertures  are  accompanied  by  increased  focal 
length.  Most  of  the  adjustments  have  to  be  more  accurate  for  them,  in  order  to  get  the 
advantage  of  the  increased  aperture,  and  the  difficulties  of  mounting  and  adjusting  are 

*  Owing  to  an  oversight,  the  aperture  was  in  the  Preliminary  Account  stated  to  be  2  inches.  The 
focal  length  of  the  lens  was  only  half  that  used  during  the  later  eclipses,  but  the  aperture  was  the  same. 
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greater.  The  photographs  would  be  larger  and  more  convenient  to  copy,  which  would 
be  an  advantage,  but  it  seems  more  rational  to  improve  the  definition  obtained  with  a 
4-inch  lens,  before  larger  apertures  are  used. 

If  we  could  increase  the  aperture  without  increasing  the  focal  length,  we  could 
reduce  the  time  of  exposure  and  gain  an  advantage,  provided  that  the  clock  motion 
is  sufficiently  uniform.  All  our  investigations,  then,  seem  to  point  to  the  desirability 
of  an  improvement  not  only  in  the  average  rate  of  the  clock  motion,  for  that  could 
easily  be  effected,  but  in  the  steadiness  and  regularity  of  the  motion. 

I  give,  in  conclusion,  collected  together,  some  formulse  which  may  be  useful  to  future 
eclipse  observers. 

In  the  equations  (/»  is  the  displacement  in  seconds  of  arc  which  is  allowable,  con¬ 
sistent  with  full  definition  as  above  defined. 

H  is  the  true  aperture  of  the  lens  in  centimeters. 

R'  is  the  effective  aperture  of  the  lens. 
q  is  the  time  of  exposure  in  seconds. 

Q  is  the  longest  time  of  exposure  compatible  with  full  definition. 
y  is  the  greatest  allowable  angle  between  the  true  pole  and  the  pole  of  the 
instrument  in  seconds  of  arc. 

T  is  the  change  of  Solar  declination  measured  in  seconds  of  arc  per  second  of  time. 
e  is  the  error  of  the  clock  rate,  measured  in  per  cent. 

In  equations  (2),  (4),  and  (6)  it  is  assumed  that  in  adjusting  the  pole  of  the 
equatorial  no  account  is  taken  of  the  change  of  the  Solar  declination  during  the 
eclipse. 


<f>=2'5lR  . . (1), 

Q  =  2-5/Rt  . (2), 

y  =  34600/% . (3)  ; 

or,  if  the  longest  exposure  Q  is  to  be  used, 

y=  13840T . (4). 

Finally,  to  determine  R',  we  easily  find 

1;  —  ^  60  X  X  eq . (.5). 


This  equation  will  allow  us  to  determine  the  time  of  exposure  allowable  for  a  given 
effective  aperture  R'  if  the  clock  rate  is  known.  If  the  longest  exposure  Q  is  to  be 
used,  we  get 

K-P/  P5  X  10-s  X  e 


11' 


T 


(6). 
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V.  The  Photographic  Camera.  By  Arthur  Schuster. 

I.  Adjustments. 

The  lens  used  for  obtaining  photographs  of  the  corona  had  a  clear  aperture  of 
4  inches  (lO'l  cm.),  and  a  focal  length  of  about  5  ft.  3  in.  (160  cm.).  It  therefore  gave 
images  of  the  Sun  of  about  '3  in.  in  diameter. 

The  accurate  adjustment  of  the  camera  is  a  matter  of  some  difficulty,  as  distant 
objects  are  not  sufficiently  sharp  to  admit  of  delicate  focusing.  It  was  found  better 
to  focus  on  a  sharp  object  at  a  moderate  distance,  and  to  find  by  calculation  the 
correction  for  parallel  rays.  The  correction  to  infinity  for  a  distance  u  of  the  object 
focussed  is  given  by 

hf  =  Plu. 

If,  for  instance,  u  were  1  kilometer,  and  f,  as  mentioned  above,  160  cm.,  the  correction 
would  be  2'6  mm.,  and,  as  it  proved  impossible  to  adjust  the  focus  more  nearly  than 
to  about  half  a  millimeter,  an  error  of  20  per  cent,  in  the  estimate  of  the  distance  is 
allowable. 

It  is  a  matter  of  importance  to  be  able  to  determine  accurately  the  position  of  the 
corona  in  reference  to  the  coordinates  fixed  in  space.  In  Egypt  and  at  Caroline  Island 
this  was  done  by  means  of  a  platinum  wire  stretched  across  the  camera  directly 
in  front  of  the  plate  ;  the  shadow  of  this  wire  appears  on  all  photographs,  and  its 
position  was  determined  by  a  succession  of  instantaneous  photographs  of  the  Sun’s 
crescent  taken  directly  before  and  after  totality  with  a  stationary  telescope  and  at 
short  intervals  of  time.  Tins  plan  has  some  disadvantages.  The  shadow  of  the  vdre 
hides  certain  parts  of  the  corona,  and,  for  instance,  in  the  photograph  taken  at 
Caroline  Island  the  shadow  is  very  awkwardly  placed.  Then,  again,  it  is  difficult  to 
stretch  the  wire  sufficiently  tight.  The  camera  has  to  be  turned  directly  on  the  Sun 
while  the  crescent  is  being  photographed,  and  tlm  heat  thus  concentrated  on  the  wire 
lengthens  it  and  may  change  its  position. 

A  different  plan  was  therefore  adopted.  Two  needles  were  placed  one  on  each 
side  of  the  camera,  the  line  joining  the  points  passing  approximately  through  the 
centre  of  the  plate  ;  one  of  the  needles  wms  intentionally  inserted  somewdiat  obliquely, 
so  that  its  shadow  might  always  be  recognised  on  the  photographs.  The  image  of 
the  needles  would  thus  completely  determine  the  position  of  the  plate  in  the  camera. 
Tlie  direction  of  the  line  joining  the  needle-points  can  be  very  accurately  determined 
with  reference  to  the  declination  circle.  We  need  only  bring  the  image  of  some 
object,  either  terrestrial  or  celestial,  just  in  coincidence  with  one  needle-point,  then 
with  the  other,  and  note  the  change  of  readinof  of  the  hour  and  declination  circles. 
For  safety,  and  as  a  check,  photographs  of  the  Sun’s  crescent  might  be  taken  after 
totality.  The  needles,  in  the  present  instance,  did  not  reach  sufficiently  far  into  the 
centre  of  the  camera.  In  previous  eclipses  the  general  illnmination  of  the  sky  in  the 
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neighbourhood  of  the  corona  was  sufficient  to  affect  the  whole  plate  ;  but  it  did  not 
on  this  occasion,  and  the  images  of  the  needle-points  only  appear  on  one  plate,  owing 
to  a  cause  to  be  mentioned  presently.  This  one  plate  is,  however,  quite  sufficient  to 
fix  satisfactorily  the  orientation  of  the  corona.  I  believe  that  the  method  could  be 
rendered  perfectly  safe  in  future  eclipses,  and  it  is  certainly  more  accurate  than  that 
hitherto  used. 

2.  Arrangements  during  Totality. 

Dr.  P.  F.  Macleod,  the  resident  officer  of  health  in  Grenada,  and  Mr.  Murray, 
who  accompanied  the  expedition  as  a  naturalist,  had  offered  their  assistance  during 
totality.  This  was  gratefully  accepted,  and  my  best  thanks  are  due  to  them. 
Mr.  Murray  undertook  to  screen  the  camera  while  the  slides  were  being  drawn  or 
pushed  in,  so  as  to  prevent  a  confusion  of  imtige  due  to  shaking  when  the  slides  are 
touched.  Dr.  Macleod  took  charge  of  the  slides  before  and  after  exposure,  handing 
them  as  they  were  wanted,  and  placing  them  in  a  bag  after  they  had  been  taken  out 
of  the  camera.  I  had  originally  intended  to  take  eight  photographs,  but  had  to 
change  all  arrangements  suddenly  when  I  saw  the  corona  obscured  by  a  cloud  at  the 
beginning  of  totality.  As  the  brighter  parts  of  the  corona  were  faintly  visible,  and 
as  I  did  not  know  whether  the  cloud  would  clear  away  in  time,  two  photographs 
were  taken,  referred  to  in  Mr.  Wesley’s  report  as  Plates  1  and  2.  The  exposure  of 
these  must  have  been  about  15  seconds  each. 

It  is  only  in  a  very  indirect  way  that  I  could,  after  the  eclipse,  obtain  an  idea  of 
the  various  exposures  given,  and  not  much  value  is  to  be  placed,  therefore,  on  the 
numbers.  I  knew  the  time  I  intended  to  expose,  but  I  generally  closed  the  camera 
sooner,  as  I  was  always  afraid  of  a  fresh  cloud  coming  on. 

The  corona  came  out  clearly  while  the  third  exposure  took  place.  Instead  of  a 
plate,  a  piece  of  sensitized  paper  had  then  been  put  into  the  slide,  but  the  result  was 
not  good. 

Three  further  plates  were  taken  with  the  corona  clear,  the  last  about  15  seconds 
before  the  end  of  totality.  After  the  spectroscopic  cameras  had  also  been  shut,  1 
intended  to  take  out  all  slides.  Unfortunately  I  loosened  the  wrong  hook,  and  drew 
the  shutter  instead  of  the  slide,  but,  noticing  my  mistake  at  once,  pushed  it  back. 
That  moment  the  Sun  came  out,  and  the  last  plate  was  partly  spoilt,  but  parts  of  the 
corona  show  well,  and  it  has  been  used  in  making  out  the  details  of  the  corona.  The 
accident  was  fortunate,  in  so  far  as  the  image  of  the  needles  necessary  for  orientation 
came  out  very  clearly  owing  to  the  illumination  by  the  reappearing  Sun. 

3.  Results. 

Mr.  Wesley,  who  has  made  a  careful  drawing  of  most  of  the  recent  eclipses,  has 
described  the  corona  as  it  is  shown  on  the  photographs  on  the  present  occasion,  and  I 
need  not  add  anything  to  his  remaiks.  But  I  should  like  to  draw  attention  to  one  or 
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two  points  which  have  a  bearing  on  the  speculations  respecting  the  origin  of  the 
corona. 

It  is  generally  accepted  now,  I  believe,  that  the  Sun  cannot  have  an  atmosphere  of 
anything  like  the  extent  of  this  luminous  appendage.  The  reasoning  generally  given, 
and  which  seems  conclusive,  is  that  the  pressure  on  the  Sun’s  surface  must,  to  judge 
from  spectroscopic  evidence,  not  exceed  that  on  the  surface  of  the  Earth,  and  that  an 
atmosphere  comparable  in  size  with  the  volume  of  the  Sun  would  necessarily  produce 
an  enormous  pressure.  I  do  not  know,  however,  whether  attention  has  been  drawn 
to  the  fact  that,  even  if  such  a  gaseous  atmosphere  existed,  it  could  not  be  luminous 
to  any  great  height  unless  it  contained  a  great  number  of  solid  or  liquid  particles. 
The  same  laws  of  convective  thermal  equilibrium  which  regulate  the  decrease  of  tem¬ 
perature  in  the  atmosphere  act  still  more  strongly  on  the  surface  of  the  Sun,  and  even 
taking  the  highest  estimate  which  can  reasonably  be  made  of  the  Sun’s  temperature, 
the  gases  rising  in  the  Solar  atmosphere  would  quickly  fall  in  temperature  below  the 
point  at  which  they  can  be  luminous.  The  only  way  in  which  they  can  be  kept 
luminous  is  by  containing  sufficient  matter  to  absorb  the  radiation  from  the  body  of 
the  Sun,  or  by  some  independent  cause,  such  as  friction  between  solid  and  gaseous 
matter,  or  electric  discharges, 

If  electric  discharges  are  the  cause  of  the  luminosity,  the  matter  through  which  the 
discharge  takes  place  must  either  be  supplied  by  the  Sun  or  by  something  outside, 
such  as  streams  of  meteoric  matter.  The  latter  hypothesis  has  the  great  advantage 
that  it  may  possibly  account  for  the  periodicity  of  Sun-spot  phenomena,  and  it 
deserves,  therefore,  the  attention  of  scientific  men.  Now,  it  occurred  to  me  several 
years  ago  that  if  meteoric  streams  fixed  in  space  were  in  any  way  coimected  with  the 
corona  we  should  find  some  evidenpe  of  them  in  the  general  shape  as  seen  from  the 
Earth.  During  eclipses  which  take  place  about  the  same  periods  of  the  year  the 
Earth  and  the  orbits  of  these  hypothetical  meteor  streams  would  occupy  the  same 
relative  positions.  We  might  then  expect  some  periodicity  in  the  shape  of  the  corona 
depending  on  the  time  of  the  year.  To  my  surprise,  I  found  that,  as  far  as  the 
evidence  went,  it  seemed  indeed  to  point  in  that  direction.  In  tlie  report  of  the 
Eclipse  of  1875  a  paragraph  was  inserted,  which,  without  laying  any  stress  on  the 
point,  called  attention  to  the  similarity  betvyeen  that  eclipse  and  the  one  which  had 
taken  place  the  previous  year  during  the  same  month.  The  eclipses  which  have  taken 
place  since  have  added  to  the  evidence,  and  it  seems  worth  while,  therefore,  to  draw 
attention  to  it,  without  however  in  the  least  wishing  to  imply  that  I  consider  the  fact 
as  proved  or  even  as  probable. 

The  Solar  corona  often  shows  a  rough  .symmetry  about  its  axis  of  rotation,  but 
deviates  from  complete  symmetry  owing  to  one  of  the  halves  being  broader  than  the 
other.  Hence,  it  often  appears  in  the  form  of  a  trapezium.  Fig.  1  may  serve  to 
illustrate  this.  AB  is  the  axis  ;  C,  D,  E,  F  the  points  of  the  longest  rays  of  the 
corona,  the  distance  DE  being  longer  than  the  distance  CF.  Now’,  during  the 
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eclipses  which  have  taken  place  early  in  April  the  eastern  half  of  the  corona  is  the 
one  which  is  broadest,  while  in  the  eclipses  observed  in  July  and  August  the  opposite 
held  good  and  the  westei'n  half  was  the  broader.  The  eclipses  of  December  and  May 
have  hitherto  shown  no  difiPerence  between  the  two  halves.  It  will  no  doubt  be  con¬ 
sidered  that  the  number  of  well  ascertained  coincidences  is  too  slight  to  prove 
anything,  and  with  this  opinion  I  cjuite  agree,  especially  as  the  changes  in  the  corona 
which  seem  to  depend  on  the  Sun-spot  cycle  have  to  be  taken  into  account.  Never¬ 
theless,  it  seems  worth  while  to  give  the  evidence  here. 

Fig.  1. 


To  begin  with  the  eclipses  of  which  we  possess  photographs,  the  only  ones,  perhaps, 
we  can  safely  take  into  account,  the  following  Table  will  illustrate  my  meaning  : — 


Date. 

Year. 

Corona. 

Sun-spot  numbers. 

April  6  .  .  . 

.  1875 

Eastern  lialf  broader . 

20-5 

May  17 . 

1882 

Absence  of  symmetry . 

60-U 

May  6 . 

1883 

99  99  . 

63-7 

July  29 . 

1878 

Western  half  broader . 

3  3 

August  29  .... 

1886 

99  99  . 

25-7 

December  22  .  .  . 

1870 

No  symmetry . 

135-4 

December  11  ... 

1871 

Symmetry,  but  both  sides  equally  wide 

98  0 

The  Sun-spot  numbers  represent  frequency  of  spots  as  determined  by  Mr.  R.  Wolf. 
As  far  as  1878  these  numbers  are  given  in  Mr.  E,anyard’s  Eclipse  volume  (‘Roy. 
Astron.  Soc.  Memoirs,’  vol.  41)  for  the  actual  date  of  the  eclipse.  After  that  date 
the  numbers  are  those  given  from  time  to  time  for  the  average  of  the  whole  year  oy 
Mr.  R.  Wolf  in  the  ‘Comptes  Rendus.’ 
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As  regards  the  drawings,  we  have  the  following  : — 


Date. 

Year. 

! 

San-spot  1 
numbers. 

April  16  .  . 

1874 

The  drawings  of  Mr.  Beight  and  Mr.  Degeemann  show  a  dis¬ 
tinctly  greater  width  on  the  east  side.  In  Miss  Alice  Hall’s 
drawing  the  eastern  half  is  less  broken  up  than  the  western, 
but  not  broader.  In  Mr.  Wright’s  drawing  the  points  of 
the  streamers  on  the  eastern  side  are  further  apart  than  on 
the  west 

1191 

August  7  . 

1869 

Observers  speak  of  the  trapezian  form  of  the  corona,  which  is 
important,  as  the  Sun-spots,  though  not  at  their  maximum, 
appear  in  greater  number  at  that  time  than  in  either  1882 
or  1883.  The  drawing  of  Mr.  Meek,  given  by  Mr.  Schott, 
seems  the  only  one  that  is  oriented  relative  to  the  Sun,  and 
here  the  western  side  of  the  Sun  is  the  broad  one 

77'6 

August  18  .  . 

1868 

The  drawings  are  too  uncertain  to  come  to  any  conclusion,  but 
if  lines  are  drawn  giving  the  ends  of  the  extreme  rays,  the 
rays  on  the  west  are  in  nearly  all  cases  further  apart 

42-9 

We  have,  therefore,  not  one  case  in  which  the  eastern  side  was  the  broadest  in  the 
autumn  or  the  western  in  the  spring. 

If  we  take  the  time  at  which  the  greater  eastern  width  changes  to  the  greater  western 
width  to  be  about  the  middle  of  June,  and  middle  of  December,  we  should  expect  that 
in  the  eclipse  which  has  just  taken  place  the  two  sides  would  be  about  equally  developed, 
but  if  there  is  a  slight  asymmetry  the  eastern  side  should  be  the  broadest.* 


VI.— The  Coronagraph.  By  Captain  Darwin. 

1.  Description  of  the  Instrument  and  its  Adjustments. 

The  coronagraph  was  designed  by  Dr.  Huggins  as  the  instrument  which  would 
give  the  best  chance  of  rendering  it  possible  to  obtain  photographs  of  the  corona  in 
Sun  light.  For  this  purpose  a  reflector  is  to  be  preferred  to  a  refractor,  and  special 
precautions  are  taken  to  avoid  internally  reflected  light.  The  telescope  is  of  the 
Newtonian  form. 

The  instrument  which  I  took  out  is  by  Grubb,  of  Dublin,  and  was  mounted  on  an 
ordinary  equatorial  stand.  The  light  enters  a  tube  4  feet  long,  fitted  with  numerous 
diaphragms.  It  then  passes  into  a  tube  5  feet  6  inches  long  (a  little  less  than  the 
focal  length  of  the  mirror),  of  about  double  the  diameter  of  the  first  tube,  the  mirror 

*  [AvA  added  July  14, 1889.— This  prediction  has  not  been  verified.  In  the  Eclipse  of  January  1, 1889, 
although  there  is  not  much  difference  between  the  two  sides,  the  western  half  is  the  broader.  Neverthe¬ 
less,  the  considerations  in  the  text  are  of  some  use,  as  they  show  the  importance  of  taking  account  of 
the  relative  position  of  Sun  and  Barth  in  discussing  the  shape  of  the  corona  in  different  eclipses.] 
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being  at  the  further  end.  The  beam  enters  this  tube  at  one  side  of  the  centre,  and  is 
reflected  back  at  a  small  angle  from  the  mirror  at  the  further  end  to  the  photogi’aphic 
plate,  which  is  alongside  of  the  place  where  the  light  enters.  A  partition  in  this  tube 
separates  the  incoming  and  reflected  rays  for  as  long  a  distance  as  possible.  Below 
this  partition  there  are  oval  diaphragms,  through  which  both  beams  pass.  I  may 
here  remark  that  this  last  precaution  is,  I  rather  think,  a  mistake  ;  for  the  backs  of 
most  of  these  diaphragms  are  necessarily  visible  from  the  photographic  plate,  and,  to 
whatever  extent  they  are  useful  in  preventing  stray  light  from  getting  to  the  bottom 
of  the  tube,  they  are  proportionately  harmful  in  reflecting  this  light  directly  back  on 
to  the  photographic  plate,  which  is  very  near  to  them.  I  was  so  much  afraid  of  the 
direct  Sun  light  striking  the  back  of  these  oval  diaphragms  that  I  placed  a  temporary 
diaphragm  of  only  2  inches  in  diameter  at  the  bottom  of  the  outer  tube,  thus  ensuring 
that  the  beam  of  Sun  light  should  pass  clear  through  the  diaphragms  in  the  inner 
tube.  I  should  gladly  have  dispensed  with  this  if  I  had  dared. 

The  two  tubes  are  held  in  position  in  a  long  wooden  frame.  There  is  a  half-open 
space  between  the  tubes,  which  has  to  be  covered  up  by  a  cloth  or  other  temporary 
contrivance.  This  opening  should  be  provided  with  a  permanent  cover. 

I  arranged  an  instantaneous  shutter  close  in  front  of  the  plate,  that  is  to  say,  in 
the  position  which  Dr.  Huggins  considered  most  advantageous.  It  consisted  of  a  long 
wooden  slide,  with  a  rectangular  opening  6  inches  wide,  which  was  drawn  across  an 
opening  of  2|  inches  diameter  by  two  pieces  of  elastic.  It  was  released  by  cutting  a 
thread.  Both  the  elastics  and  the  thread  were  fastened  to  the  body  of  the  telescope, 
and  not  to  the  camera  or  slide  which  takes  the  plate.  This  latter  part  is  not  too 
firmly  fixed  to  the  body,  and  I  was  anxious  to  avoid  vibrations. 

As  Dr.  Schuster  has  fully  described  the  adjustment  of  his  instrument  for  equatorial 
movement,  focus,  &c.,  I  will  only  remark  that  the  same  methods  were  used  in  the 
case  of  the  coronagraph  in  so  far  as  they  were  applicable. 

2.  Observations  in  Sun  Light  and  during  the  Partial  Eclipse. 

The  most  important  observations  to  be  made  with  the  coronagraph  were  with  the 
view  of  testing  the  practicability  of  obtaining  photographs  of  the  corona  during 
Sun  light  by  this  instrument.  This  could  be  done  in  two  ways  : — 

(1.)  By  obtaining  photographs  shortly  before  or  after  the  eclipse,  and  comparing 
any  irregularity  that  might  appear  in  the  halo  round  the  Sun  with  photographs  of  the 
corona  taken  during  totality — a  similarity  of  form  indicating  that  the  corona  had  been 
photographed. 

(2.)  By  taking  photographs  during  the  partial  eclipse.  Then,  if  the  light  of  the 
corona  produced  any  effect  on  the  plate,  the  dark  limb  of  the  Moon  would  be  seen 
against  it. 

It  was  advisable  in  trying  the  first  of  the  above  experiments  to  take  a  series  of 

2  R  2 
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pliotographs/in  each  of  the  reversed  positions  of  the  instrument.  Then  any  irregu¬ 
larity  in  the  illumination  round  the  Sun  which  was  reversed  on  turning  the  instrument 
over  would  clearly  be  proved  to  be  due  to  instrumental  causes  ;  whereas  any  irregu¬ 
larities  which  were  visible  in  photographs  taken  in  both  positions,  and  which  were  not 
thus  reversed,  must  be  due  to  some  outside  causes,  either  atmospheric  or  coronal.  In 
my  instrument  reversal  was  only  possible  near  noon  ;  and  on  this  account,  as  well  as 
on  account  of  the  Sun  being  at  its  greatest  elevation,  the  best  results  would  be 
obtained  by  taking  one  series  of  photographs  shortl}^  before  noon  in  one  position,  and 
another  series  in  the  other  position  soon  afterwards. 

With  regard  to  the  length  of  exposure,  I  thought  that  there  was  no  advantage  to 
be  gained  for  either  test  by  giving  a  longer  exposure  than  was  necessary  for  the  air 
glare  to  produce  a  result  on  the  plate.  I  estimate  the  exposure,  that  I  gave  with  the 
automatic  shutter  at  between  one-tifth  and  one-tenth  of  a  second. 

The  plates  which  I  used  for  these  tests  consisted  of  gelatino-chloride  dry  plates  on 
paper  and  on  glass.  These  were  prepared  for  me  by  two  makers  :  by  Mr.  A.  Cowan 
(for  Messrs.  Marion  and  Co.),  to  whom  I  am  indebted  for  making  for  me  a  specially 
prepared  batch  of  plates,  and  by  Mr.  Warnerke. 

Chloride  plates  were  chosen  in  preference  to  bromide  plates,  because  it  was  considered 
that  their  relatively  greater  sensitiveness  to  ultra-violet  rays  would  be  advantageous 
ior  distinguishing  between  the  corona  and  the  air  glare.  The  plate  to  be  chosen  is  no 
doubt  the  one  which  is  most  sensitive  in  that  23art  of  the  spectrum  whei’e  there  is 
the  maximum  difference  of  intensity  of  light  in  the  spectra  of  the  corona  and  of  the 
sky.  I  may  here  remark  that  Dr.  Schuster  informs  me  that,  according  to  his  photo- 
gTaj:)h,  the  maximum  difference  would  af^pear  to  be  in  the  less  refrangible  part  of  the 
spectrum,  rather  than  in  the  violet;  and,  if  that  is  the  case,  bromo-iodide  plates  would. 
I  think,  have  been  preferable.'"  Paper  was  considered  better  than  glass,  as  tending  to 
reduce  the  halation  to  a  minimum  ;  as  a  fact,  I  relied  chiefly  on  the  paper  negatives. 

I  used  various  developers  for  these  chloride  plates,  without  observing  any  marked 
difference  in  the  results: — 

(L)  llydrokinone,  1  grain  to  the  ounce.  To  2  oz.  of  the  above  add  ^  dr.  of  a 
saturated  solution  of  jDotassic  carbonate,  with  common  salt  as  a  restrainer. 

(2.)  Potassic  citrate,  136  grs.  ;  potassic  oxalate,  44  grs.  ;  water,  1  oz.  To  3  parts 
of  the  above  add  1  part  of  ferrous  sul])hate,  140  grs.  ;  sulphuric  acid,  1  drop;  water, 

1  oz.  Potassic  bromide  was  used  as  a  restrainer. 

(3.)  A  weak  ferrous  sulphate  developer. 

Some  of  the  plates  were  developed  in  the  West  Indies,  and  some  on  my  return 
home.  The  results  aj^peared  to  be  the  same,  but  they  were,  I  think,  much  easier  to 
develop  in  England.  Ice  was  used  freely  in  Grenada,  but  I  do  not  think  the  gelatine 
became  quite  hardened  during  the  time  of  develoj^ment,  and  the  jilates  appeared  to  be 
more  liable  to  fog. 


*  See  p.  341. 
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3.  Results  of  First  Test,  or  Photographs  taken  hefore  the  Eclipse. 

For  the  first  test,  that  is,  the  one  by  means  of  photogi’aphs  taken  before  or  after 
the  eclipse,  I  had  intended  to  have  taken  several  series,  but  fortune  did  not  favour 
me.  We  reached  Prickly  Point  on  a  Tuesday.  By  the  following  Sunday,  although  a 
great  deal  remained  to  be  done  in  the  way  of  final  preparations  and  adjustments,  I  was 
able  to  take  my  first  photograph.  This  left  me  six  clear  days  before  the  eclipse  in 
which  to  make  the  final  arrangements,  to  obtain  that  experience  so  necessary  when 
working  in  a  new  climate,  and,  in  my  case,  with  an  instrument  with  vvhich  I  was  not 
very  familiar,  and  also  to  obtain,  if  possible,  one  or  more  series  of  photographs  for  the 
test  in  question.  I  may  here  remark  that,  before  starting.  Dr.  Huggins  had  given 
me  every  possible  assistance  and  advice,  without  which  I  could  hardly  have  under¬ 
taken  the  work  ;  and  that  I  had  also  spent  several  mornings  in  London  in  practising 
with  the  coronagraph,  but  from  want  of  time  I  had  to  entrust  a  great  deal  of  the 
troublesome  preparation  at  home  to  Mr.  Lvwrance,  to  whose  careful  attention  at  this 
period  I  owe  a  great  deal.  As  already  remarked,  the  weather  was  very  unfavourable, 
and  on  several  days  photographic  work  was  an  impossibility ;  on  others  I  could  only 
get  casual  photographs  in  the  intervals  between  the  frequent  tropical  showers,  or  in 
gaps  in  the  cloudy  sky.  For  two  days  after  the  eclipse  the  weather  was  also 
unfavourable.  In  fact  it  was  only  on  the  day  before  the  eclipse  that  I  succeeded  in 
getting  a  series  of  photogra])hs  about  noon  in  both  positions  ;  but,  the  rapidity  of 
change  in  form  of  the  corona  being  an  unknown  quantity,  the  shorter  the  interval  the 
more  valuable  would  the  photographs  be.  The  sky  on  that  day  was  variable,  but 
generally  clear — as  clear  as  it  ever  was  during  our  stay  in  the  West  Indies,  but  not, 
I  think,  as  clear  as  it  often  is  in  England. 

Soon  after  coming  home,  Mr.  Wesley,  who  has  had  great  experience  with  regard 
to  photographs  of  a  similar  nature,  very  kindly  undertook  to  examine  this  series. 
Several  of  the  negatives  exhibited  corona-like  markings,  but  Mr.  Wesley  could  not 
find  any  detail  on  any  one  of  the  photographs  which  was  confirmed  by  the  others. 
This  was  done  before  he  had'  had  an  opportunity  of  seeing  the  photographs  of  the 
corona  taken  during  totality.  Had  he  succeeded  in  making  a  drawing' of  the  supposed 
corona,  its  comparison  with  the  true  corona  would  have  therefore  afforded  a  valuable 
test  as  to  its  genuineness ;  under  the  circumstances  this  was,  of  course,  impossible. 
Mr.  Wesley  also  informs  me  that  he  thinks  that  “  the  photographs  taken  on  the 
same  side  are  as  little  comparable  with  eacli  other  as  with  those  taken  on  the  opposite 
sides,”  which,  as  far  as  it  goes,  indicates  that  the  irregularities  are  due  to  atmospheric 
ratber  than  to  instrumental  causes.  My  own  opinion  on  the  above  points  coincides 
with  that  of  Mr.  Wesley  ;  but  I  was  especially  glad  to  obtain  his  assistance,  because  of 
his  large  experience,  and  also  because  he  had  not  at  that  time  seen  any  photograph  of 
the  corona. 
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4.  Results  of  Second  Test,  or  Photographs  taken  during  the  Partial  Eclipse. 

The  second  of  tlie  two  tests  could  be  applied  by  taking  photographs  either  during 
the  eclipse,  before  or  after  totality,  or  sufficiently  near  first  or  last  contact  for  the 
Moon  to  be  still  eclipsing  the  corona.  I  succeeded  in  taking  over  twenty  photographs 
during  these  periods.  Many  of  these,  when  developed,  showed  what  I  may  describe 
as  a  false  corona,  that  is,  an  increase  of  density  near  the  Sun,  including  the  part 
between  the  cusps,  and  therefore  in  front  of  the  Moon.  In  none  of  these  can  the  limb 
of  the  Moon  be  seen  against  the  corona  as  a  background.  Besides  subsequent  exami¬ 
nation,  I  watched  these  photographs  very  carefully  during  development,  without  result. 
I  mention  this  circumstance  because  they  appear  to  have  gone  back  considerably,  so 
tliat,  in  several  instances  in  which  the  air  glare  was  clearly  visible  before  fixing,  it  is 
now  barely  discernible. 

I  have  also  searched  for  any  trace  of  a  remarkably  large  prominence  in  the  place 
where  I  knew  it  should  be  found,  but  without  result.  This  prominence  w^as  hardly,  if 
at  all,  covered  by  the  Moon  after  totality,  that  is,  during  the  period  in  which  nearly  all 
my  photographs  were  obtained.  I’rominences  are  certainly  more  actinic  than  the  corona, 
and  we  should  therefore  expect  them  to  appear  on  the  plate  if  the  corona  is  obtain¬ 
able  by  this  method.  However,  if  the  air  glare  increases  much  more  rapidly  in 
intensity  than  the  corona  does  as  the  Sun  is  approached,  this  argument  is  not  sound, 
as  the  prominenees  might  then  be  more  overpowered  by  skylight  than  the  outer  parts 
of  the  corona  would  be. 


5.  Photographs  taken  during  Totality. 

It  wdll  be  observed  that  the  two  experiments  or  tests  just  described  w'ere  made  by 
taking  photographs  before  and  after  the  eclipse,  and  during  the  partial  phases.  But 
during  totality  the  instrument  w'as  not  idle.  The  following  was  the  programme 
which  I  had  laid  down  for  myself  during  the  3  minutes  50  seconds  available  : — 

During  the  first  minute  a  photograph  was  to  be  taken  with  the  prismatic  camera. 
After  that,  six  plates  were  to  be  exposed  with  the  coronagraph — four  chloride  plates 
with  the  same  length  of  exposure  as  that  given  during  Sun  light,  and  two  bromide 
plates  with  exposures  of  5  and  10  seconds  respectively. 

This  programme  could  not  be  followed  exactly.  Immediately  after  I  had  com¬ 
menced  exposing  the  prismatic  camera,  I  looked  up  and  found  that  a  light  cloud  was 
drifting  across  the  corona.  The  sky  became  clear  again  in  about  50  seconds.  I  was 
anxious  not  to  take  any  photographs  with  the  coronagraph  during  the  exposure  of 
the  prismatic  camera,  for  fear  of  vibration ;  but,  as  nearly  a  minute  had  been  lost, 
something  had  to  be  sacrificed,  and  I  decided  to  take  some  of  the  photographs  with  the 
coronagraph  before  putting  the  cap  on  the  jirlsmatic  camera.  I  do  not  think  that 
the  work  has  suffered  in  consequence,  and  at  all  events  I  obtained  all  the  plates  I  had 
allowed  fur  in  my  programme. 


ox  THE  TOTAL  SOLAR  ECLIPSE  OF  AUGUST  29,  1886. 


31 1 

The  instantaneous  photographs  of  the  corona  were  complete  blanks,  proving,  1 
think,  that  the  exposure  had  been  far  too  short.  I  developed  them  with  the  same 
solutions,  and  for  at  least  the  same  length  of  time,  as  when  developing,  immediately 
beforehand,  some  of  the  plates  exposed  during  the  partial  eclipse  ;  the  instrument  was 
in  the  same  condition  as  before  and  after  totality,  when  successful  photographs  were 
taken.  These  circumstances  are  worth  mentioning,  to  show  that  I  did  not  fall  into 
some  of  the  commoner  traps  with  which  the  photographer  is  surrounded.  Three  of 
the  photographs  showed  signs  of  fog,  which  was  probably  only  due  to  the  length  of 
time  which  I  allowed  them  to  stay  in  the  developer. 

The  long  exposure  photographs  were  not  taken  with  any  special  object  beyond  that 
of  obtaining  a  record  of  the  corona.  The  plates  used  were  bromo-gelatine  dry  plates 
prepared  by  Captain  Abney,  and  I  used  the  ordinary  alkaline  development.  The 
extension  of  the  corona  shown  on  these  plates  is  not  very  great,  and  they  show  signs 
of  vibration ;  they  have,  however,  I  hope,  been  of  use  to  Mr.  Wesley  in  his  drawing 
of  the  inner  parts  of  the  corona.  As  my  main  object  was  to  get  instantaneous 
photographs,  these  plates  had  to  be  taken  without  removing  the  automatic  shutter ; 
the  shutter  had,  therefore,  to  be  worked  by  hand,  and  this  probably  caused  the  vibra¬ 
tion.  It  may,  however,  have  been  caused  by  a  puff  of  wind  ;  and  on  another  occasion 
I  should  take  far  greater  precautions  against  this  danger  by  surrounding  myself  with 
canvas  screens  in  all  exposed  directions,  and  as  high  as  possible. 

6.  Comments  and  Conclusions. 

Returning  again  to  the  consideration  of  my  observations  with  regard  to  the  special 
uses  of  the  coronagraph,  it  will  be  seen  that  my  results  are  adverse  to  the  possibility 
of  obtaining  photographs  of  the  corona  during  Sun  light  with  this  instrument.  It  is, 
however,  I  consider,  by  no  means  proved  that  the  method  is  impossible,  for  there  are 
several  reasons  why  this  trial  should  not  be  considered  conclusive. 

(1.)  The  atmospheric  conditions  were  very  unfavourable.  The  air  was  fully  charged 
with  moisture,  and  on  the  morning  of  the  eclipse  the  sky  was  certainly  not  of  that 
dark  blue  which,  no  doubt,  indicated  atmospheric  purity.  It  was  slightly  hazy,  and 
not,  I  think,  as  clear  as  an  average  English  blue  sky.  About  a  minute  after  totality 
I  noticed  a  halo  with  prismatic  colours  round  the  Sun — an  indication,  I  presume,  of 
suspended  matter. 

(2.)  The  Sun  was  at  a  low  elevation  during  the  eclipse,  and  the  station  was  only 
about  a  couple  of  hundred  feet  above  the  sea.  Both  these  circumstances,  no  doubt, 
increased  the  air  glare. 

(3.)  Professor  Thorpe’s  observations  at  this  eclipse  show  that  the  light  from  the 
corona  was  not  so  bright  as  on  other  occasions.  This  also  appears  to  be  the  general 
impression  amongst  other  observers  who  had  seen  previous  eclipses.  If  this  was  due 
to  the  corona  not  being  so  luminous,  the  opportunity  was,  no  doubt,  an  unfavourable 
one  independently  of  the  state  of  the  atmosphere.  But  this  effect  is  not  to  be 
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distinguished  from  the  light  being  diminished  by  an  impure  or  dense  atmosphere. 
Experiments  comparing  the  light  of  the  corona  with  Sun  light  immediately  before  and 
after  the  eclipse  would  be  necessary  to  settle  this  point. 

(4.)  The  exposure  was  too  short.  1  feel  confident  that  at  Grenada  an  alteration  in 
this  respect  would  not  have  materially  altered  the  result ;  but,  even  with  the  atmo¬ 
sphere  in  its  unfavourable  condition,  I  think  a  larger  exposure  should  have  been 
adopted.  Before  leaving  England  I  had  come  to  the  conclusion  that  the  right  length 
of  exposure  would  be  that  sufficient,  and  not  much  more  than  sufficient,  for  the  air 
glare  to  produce  an  effect  on  the  plate.  I  thought  that  the  corona  would  be  more 
readily  visible  if  the  background  of  the  sky  was  faintly  developed  on  the  negative  ; 
and  in  this  opinion  I  think  Dr.  Huggins  would  have  agreed,  as  his  photographs  seem 
to  have  been  treated  in  that  way.  I  found  that  my  instantaneous  shutter,  when  set 
at  its  slowest  rate,  gave  the  required  result,  and  I  was  at  the  time  quite  contented. 
I  have,  however,  very  carefully  reconsidered  this  subject,  and  now  come  to  the 
conclusion  that  this  was  a  mistake.  The  question  to  be  settled  is — At  what  photo¬ 
graphic  density  do  we  get  the  greatest  ratio  of  small  changes  of  shade  in  the  negative, 
as  seen  by  the  eye,  compared  with  the  changes  in  luminosity  of  the  objects  photo¬ 
graphed  ?  Captain  Abney  gives  some  results  in  the  form  of  curves  in  his  Text-book 
of  Science  on  Photography,  which,  if  modified  to  suit  this  problem,  would  appear  to 
indicate  that  the  ratio  is  greatest  when  the  photographic  density  is  about  one-third 
or  half  way  between  white  and  the  deepest  shade  due  to  the  fall  development  of  the 
image  of  a  bright  object.* 

If  this  is  the  right  interpretation — and  I  believe  it  to  be  so — then  it  is  evident,  in 
order  to  have  the  best  chance  of  photographing  the  small  difference  of  shade  between 
the  sky  and  the  corona,  I  should  have  given  an  exposure  which  would  have  allowed 
me  to  bring  up  the  sky  to  what  I  may  call  a  third  or  a  half  full  density.  In  order  to 
have  done  this  I  should  have  lengthened  my  exposure. 

Acting  in  accordance  with  the  advice  of  Dr.  Huggins,  I  adopted  a  slow  develop¬ 
ment  wfith  weak  solutions.  I  could  not  have  followed  a  higher  authority,  but  I  must 
confess  that  I  have  some  doubts  whether  a  longer  exposure  with  a  quicker  but  well- 
restrained  development  might  not  have  produced  better  results.  The  best  time  for 
watching  for  faint  outlines  is  during  development,  and  with  a  well-exposed  plate  we 
have  an  opportunity  of  observing  the  image  in  every  stage. 

All  these  considerations  appear  to  me  to  point  to  longer  and  more  varied  exposures 
than  I  gave,  together  with  a  well- varied  development. 

My  conclusions  are,  therefore  : — 

(1.)  That  my  results  do  not  prove  the  impossibility  of  photographing  the  corona  in 
Sun  light. 

(2.)  But  they  prove  that  under  certain  circumstances  the  light  of  the  corona  is  not 

*  See  p.  256.  The  ordinates  of  his  enrves  represent  the  shade  as  measured  by  the  proportion  of  black 
to  white;  the  scale  of  shade  as  measured  by  the  eye  is  somewhat  different  from  this.  The  absciss® 
represent  the  length  of  exposure,  which  I  imagine  to  be  eqnixalent  to  differences  of  luminosity. 
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sufficient  to  produce  any  effect  on  chloride  dry  plates  with  an  exposure  which  is 
sufficient  for  the  air  glare  or  false  corona. 

Captain  Abney  pointed  out  to  me — and  I  think  correctly — that  the  sky  or  back¬ 
ground  to  the  Sun,  as  shown  on  the  photographs,  is  due  to  two  causes  :  first,  the 
light  of  the  sky,  and,  secondly,  the  reflected  light  from  the  interior  of  the  instrument. 
Dispersion  of  light  from  the  mirror  or  its  surroundings  would  shed  a  uniform  light 
over  the  whole  surface  of  the  exposed  plate  ;  whereas  the  sky  is  brightest  near  the 
Sun,  and  possibly  not  always  quite  uniform  or  regular  in  its  appearance.  Now,  on 
several  of  the  photographs  that  I  took  there  is  a  perfectly  uniform  light  over  the 
whole  sky,  with  no  apparent  increase  of  brightness  near  the  limb  of  the  Sun.  This 
constitutes  the  only  hopeful  sign  I  have  seen  ;  because,  if  the  above  views  are  correct, 
it  indicates  that  I  have  not  given  a  sufficiently  long  exposure  to  photograph  the  sky 
round  the  Sun,  and  gives  hopes  that  the  false  sky  that  I  did  obtain  might  be 
diminished  by  instrumental  alterations. 

7.  Discussion  on  the  possihility  of  obtaining  Photographs  of  the  Corona  during 

Sun  Light. 

But  there  are  certain  considerations  which  appear  to  me  to  indicate  that  a  practical 
method  of  photographing  the  corona  during  Sun  light  is  not  likely  to  be  obtained. 

If  I  am  right  in  considering  that  the  increased  density  round  the  Sun  in  these 
photographs  is  a  true  picture  of  the  sky,  and  not  due  to  irradiation  or  internal 
reflection,  then  it  will  be  seen  that  this  sky  illumination  is  not  uniform  round  the 
Sun,  and  that  the  form  of  the  false  corona  thus  formed  would  always  be  difficult  to 
distinguish  from  the  form  of  the  true  corona,  and  would  be  liable  to  be  mistaken  for 
it.  It  is  quite  possible  that  changes  in  the  appearance  of  the  sky  may  be  more  visible 
when  photographed  than  when  seen  direct,  and  that  these  changes  may  be  as  sudden 
as  that  from  blue  sky  to  cloud.  At  high  altitudes  this  difficulty  would  no  doubt  be 
lessened,  but  it  would,  I  think,  always  be  a  source  of  trouble.  If,  however,  these 
irregularities  in  the  false  corona  are  not  due  to  irregularities  in  the  sky,  I  can  only  say 
that  the  instrumental  defect  which  causes  them  is  a  very  difficult  one  to  cure. 

In  considering  the  utility  of  the  photographs  of  the  corona  taken  in  Sun  light,  if 
obtainable,  the  effect  of  the  image  being  superimposed  on  the  much  denser  picture  of 
the  air  glare  should  be  carefully  considered.  In  the  first  place,  it  is  to  be  observed 
that  the  air  glare  or  light  of  the  sky  increases  rapidly  as  the  Sun  is  approached,  and 
that  the  light  of  the  corona  also  increases  in  a  similar  manner.  This  will,  I  think, 
cause  the  corona  to  be  distinguished  with  difficulty  in  the  photographs  taken  in 
Sun  light.  This  may  not  be  so  much  the  case  when  considering  abrupt  changes  of 
shade  in  the  corona,  but,  in  so  far  as  the  form  of  the  corona  is  distinguished  by  a 
gradual  change  of  light,  it  certainly  will  be.  In  the  following  figures,  which  have  no 
numerical  significance  whatever,  and  Avhich  are  merely  intended  to  iliustrate  my 
argument,  I  have  assumed  the  corona  to  be  only  from  10  to  15  times  less  bright  than 
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the  air  glare.  In  fig.  2,  let  the  lines  round  the  Sun  represent  lines  of  equal  intensity 
of  sky  light,  the  corona  being  supposed  to  be  non-existent.  In  fig.  3,  let  the  Sun  be 
eclipsed,  and  the  lines  represent  lines  of  equal  intensity  of  corona  light.  Place  one 
image  on  the  other,  and  the  lines  of  equal  intensity  of  the  combined  light  of  corona 
and  air  glare  will  be  as  shown  in  tig.  4,  in  which  it  will  be  seen  how  materially  the 
form  of  the  corona  appears  to  be  altered.  It  is  to  be  noted  also  that  an  alteration  in 
the  state  of  the  atmosphere  by  altering  the  ratio  of  air  glare  to  corona  light  would 
appear  to  alter  the  form  of  the  corona  as  shown  on  the  Sun  light  photographs. 

For  the  purposes  of  the  following  discussion  of  the  effect  of  combining  the  sky  and 
corona  lights  on  one  picture,  it  is  assumed  that  this  2:)articular  difficulty  does  not 
exist ;  that  is  to  say,  that  the  air  glare  is  uniform,  or,  what  comes  to  nearly  the  same 
thing,  that  we  are  discussing  a  radial  inequality  of  the  corona.  In  dealing  numerically 
with  this  problem,  very  little  trust  must  be  placed  in  figures  used;  but,  however 
faulty  they  may  be,  they  may,  at  all  events,  help  to  make  the  consideration  of  the 
subject  more  easy. 


Captain  Abney  informs  me  his  experiments  with  regard  to  sky  light  when  compared 
with  the  results  obtained  by  Professor  Thorpe  at  this  eclipse  show  that  .at  30'  from 
the  Sun’s  limb  the  corona,  as  seen  at  Grenada,  was  about  60  times  less  brilliant  than 
the  air  glare  at  the  same  distance  from  the  Sun’s  limb,  as  seen  at  .South  Kensington 
under  the  most  favourable  circumstances,  that  is,  with  the  darkest  sky  measured.  As 
the  sky  on  this  occasion  at  South  Kensington  was  probably  darker  than  the  sky  at 
Grenada,  the  ratio  at  this  latter  place  was  probably  greater  than  1  to  60  ;  but,  on 
the  other  hand,  with  a  clearer  sky  the  corona  would  have  been  brighter  and  the  ratio 
therefore  less.  Hence  the  ratio  of  1  to  60  is  about  half  Avay  betAveen  the  ratio  under 
fiivourable  circumstances  at  South  Kensington  and  the  ratio  at  Grenada  near  the 
time  of  the  eclipse.  For  the  purposes  of  argument,  let  it  be  assumed  that  at  Grenada 
the  ratio  of  the  light  of  the  corona  to  the  light  of  the  sky  at  30'  from  the  Sun’s  limb 
was  as  1  to  50,  a  ratio,  if  the  above  figures  are  correct,  no  doubt  considerably  less  than 
the  true  ratio. 

Captain  Abney  Also  informs  me  that  experiments  he  has  made  show  that  an  abrupt 
change  of  ^  per  cent,  in  the  density  of  a  photograph  is  about  the  minimum  change  of 
shade  that  can  be  seen  by  the  eye  ;  or,  in  other  Avoids,  that  a  photograph  may  be 
regarded  as  a  draAving  in  Avhich  only  200  different  shades  can  be  used. 

It  has  already  been  shoAvn  that  to  obtain  the  best  results  a  photograph  at  a  half  or 
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a  third  full  density  should  be  obtained.  Let  us  assume  the  most  favourable  circum¬ 
stances,  and  that  the  development  has  brought  the  part  of  the  picture  under 
consideration  up  to  half  full  density.  Then,  if  there  are  only  200  possible  shades 
in  any  photograph,  there  are,  tlierefore,  only  100  possible  shades  below  this  shade, 
which  for  convenience  may  be  represented  by  100.  Let  the  light  which  caused  this 
shade  be  also  represented  by  100.  Now,  if  the  shade  on  the  photograph  varied 
proportionately  with  the  light,  each  of  the  100  parts  of  light  would  be  represented  by 
one  shade  on  the  photograph,  and  a  change  of  light  less  than  1  per  cent,  would  not 
produce  a  change  of  shade  on  the  photograph  which  would  be  visible  to  the  eye.  But 
there  is  no  doubt  that  under  certain  conditions  the  shade  on  these  photographs  varies 
proportionately  more  rapidly  than  the  light  which  it  represents,  and,  judging  from 
Captain  Abney’s  curves,  before  mentioned,  it  is  not  quite  a  fanciful  supposition  to 
assume  that  under  the  most  favourable  circumstances  it  varies  twice  as  rapidly  in 
parts  of  the  photograph  ;  that  is  to  say,  that  a  change  of  ^  per  cent,  in  the  luminosity 
of  the  object  is  the  minimum  change  which  would  be  visible  on  tlie  photograph. 
Now,  in  a  photograph  taken  in  Sun  light  of  the  sky  at  30'  from  the  Sun’s  limb,  the 
100  parts  of  light  will  consist  of  98  of  sky  light  and  2  of  corona  light.  The  sky  light 
being  assumed  to  be  constant,  the  minimum  visible  change  of  -I-  per  cent,  in  the  total 
light  must  be  due  to  a  change  of  25  per  cent,  in  the  total  light  of  the  corona  ;  whereas, 
with  a  photograph  taken  during  a  total  eclipse,  on  similar  suppositions,  a  change  of 
^  per  cent,  in  the  light  of  the  corona  will  produce  a  visible  change  of  shade  on  the 
photographs,  or,  in  other  words,  the  totality  photographs  will  show  50  times  as  much 
detail  as  the  Sun  light  photograj)hs.  It  will  be  observed  that,  for  the  purposes  of 
comparison  of  the  photographs  taken  in  Sun  light  and  during  totality,  neither  an  error 
in  the  assumption  of  the  shade  to  which  the  photographs  were  developed,  nor  in  the 
assumption  of  the  ratio  of  change  of  light  to  change  of  shade,  nor  in  the  number  of 
possible  shades  in  a  photograph,  would  vitiate  the  result,  as  they  would  apply  equaily 
to  both  cases. 

It  therefore  appears  to  me  most  probable  that,  under  all  circumstances,  by  what¬ 
ever  ratio  the  air  glare  is  brighter  than  the  corona,  in  very  nearly  the  same  ratio  will 
the  detail  ol  the  corona  be  obliterated  in  a  photograph  taken  during  Sun  light,  as 
compared  with  one  taken  during  a  total  eclipse  ;  that  is  to  say  ,  that,  unless  a  change 
of  shade  in  the  corona  were  considerably  more  than  50  times  as  abrupt  as  the  least 
change  visible  in  the  totality  photographs  at  Grenada,  it  would  be  invisible  in  the 
photographs  taken  there  in  Sun  light. 

This  naturally  leads  to  the  question — Are  there  abrupt  changes  of  shade  in  the 
corona,  or  does  the  light  diminish  gradually  as  the  distance  from  the  Sun  increases  ? 
As  far  as  I  have  seen,  an  increase  of  exposure  of  the  photographs  taken  during 
totality  regularly  brings  with  it  an  increased  extension  of  the  corona,  as  photographed  ; 
that  is  to  say,  that  the  light  of  the  corona  gradually  diminishes  in  intensity  from  the 
Sun  outwards.  The  detail  of  the  inner  parts  of  the  corona  soon  gets  obliterated  as 
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the  exposure  increases,  which  shows  that  this  detail  is  due  to  delicate  rather  than  to 
abrupt  changes  in  intensity. 

I  conclude,  therefore,  that  the  effect  of  the  light  of  the  sky  on  photographs  taken 
during  Sun  light,  when  the  atmospheric  conditions  are  at  all  comparable  with  those  at 
Grenada,  would  be  to  entirely  alter  the  form  of  the  corona,  in  so  far  as  that  form  is 
made  visible  by  gradual  changes  of  luminosity ;  and  that,  with  regard  to  abrupt 
changes  of  luminosity,  they  would  have  to  be  exceedingly  well  marked  before  they 
would  be  visible  in  the  Sun  light  photographs,  whereas,  as  a  rule,  the  form  of  the 
corona  is  indicated  by  somewhat  delicate  shading. 

Thus,  the  possibility  of  photographing  the  corona  in  Sun  light  appears  to  depend  on 
the  extent  to  which  at  high  altitudes,  or  at  other  localities,  more  favourable  atmo¬ 
spheric  conditions  may  be  found.  With  clearer  air,  both  the  Sun  and  the  corona  will 
be  brighter  and  the  air  glare  less,  but  to  what  extent  this  change  may  be  hoj^ed  for 
I  do  not  know.  It  is  to  be  observed,  however,  that  besides  air  glare  we  have  to  deal 
with  internal  reflection,  which  increases  with  the  increased  brilliancy  of  the  Sun.  If 
my  exposure,  short  as  it  was,  was  in  reality  sufficient  for  the  internal  reflection  to 
produce  an  effect  on  the  plate,  with  longer  exposures  and  a  brighter  Sun,  but  under 
otherwise  more  favourable  conditions,  this  might  become  a  serious  source  of  trouble. 

The  limb  of  the  Moon  has  undoubtedly  been  seen  for  some  time  after  totality  (not 
at  Grenada,  where  no  doubt  the  atmospheric  conditions  were  too  unfavourable),  and, 
if  visible,  it  should,  I  think,  be  possible  to  photograph  it.  But  we  must  be  careful  in 
using  this  as  an  argument  in  favour  of  the  possibility  of  obtaining  photographs  of  the 
corona  in  Sun  light.  In  the  first  place,  this  phenomenon  has  generally  been  observed 
within  a  few  minutes  of  totality.  For  example,  Mr.  S.  P.  Langley,  in  1878,  at  an 
elevation  of  14,000  feet,  was  able  to  observe  the  limb  of  the  Moon  for  4  minutes 
12  seconds  after  the  reappearance  of  the  Sun  without  taking  any  precautions  to  shield 
his  eyes."^  Mr.  H.  H.  Turner  has  kindly  calculated  for  me  that  at  this  time  only 
0'068  of  the  Sun’s  surface  was  exposed;  and,  as  the  outer  rim  of  the  Sun  has  only 
about  half  the  brilliancy  of  the  central  parts,  it  may  be  safely  assumed  tliat  the  total 
light  emitted  was  not  more  than  one-twentieth  of  full  Sun  light.  If  the  air  glare 
varies  as  the  total  light  emitted,  and  if,  as  has  been  assumed  for  the  purposes  of  argu¬ 
ment,  the  ratio  of  air  glare  to  corona  were  .50  to  1  in  full  Sun  light,  it  would  only  be 
2 1  to  1  under  these  circumstances.  This  would,  of  course,  make  the  limb  of  the  Moon 
much  more  readily  visible  against  the  corona.  This  argument  does  not  apply  to  the 
cases  where  the  limb  of  the  Moon  has  been  seen  long  before  or  after  totality,  but  as 
long  as  the  cusps  are  fairly  sharp  another  circumstance  must  be  considered.  In  all 
the  photographs  which  I  took  during  the  partial  eclipse  in  which  there  is  a  false 
corona,  it  will  be  seen  that  it  is  distributed  round  the  mass  of  the  Sun  as  a  centre, 
and  does  not  uniformly  fringe  its  outline.  The  cusps  often  protrude  out  of  it,  and 
are  quite  free  from  it.  Hence,  the  corona  will  be  less  overpowered  by  the  air  glare 

*  ‘  Nature,’  November  18,  1886. 
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near  the  cusps  than  at  other  parts  of  the  limb  of  the  San.  In  tlie  second  place,  in 
the  case  of  the  Moon  being  seen  against  the  corona,  we  are  dealing  with  a  sudden 
change  of  shade,  and  not  a  gradual  one,  as  in  the  case  of  the  corona.  This,  as  I  have, 
I  think,  proved,  would  make  it  more  easily  photographed.  It  would  have  been 
encouraging  to  have  obtained  photographs  of  the  limb  of  the  Moon  during  the  partial 
eclipse ;  but,  unless  they  were  obtained  when  a  large  part  of  the  Sun  was  exposed,  it 
would  have  done  little  towards  proving  the  possibility  of  getting  photographs  of  the 
corona  in  full  Sun  light. 

It  is  to  be  observed  that  many  of  these  remarks  indicating  the  improbability  of 
obtaining  results  by  this  method  do  not  hold  good  in  the  case  of  exceptionally  well 
marked  features  of  the  corona,  where  the  changes  of  shade  are  really  abrupt,  and 
especially  if  they  are  radial  in  their  direction.  Thus,  the  first  successes  that  we 
should  expect  to  obtain  would  be  in  such  cases  as  that  of  the  “  remarkably  formed 
rift”  in  the  corona  of  1883,  to  which  such  a  distinct  likeness  is  reported  to  have  been 
seen  in  photographs  taken  in  Sun  light  by  Dr.  Huggins  in  England. 

As  for  hoping  to  obtain  any  photographic  records  in  Sun  light  of  the  outer  limits  of 
the  corona  as  visible  to  the  eye  during  totality,  it  is,  I  think,  out  of  the  question,  as 
the  following  considerations  will  show,  although  the  actual  numbers  quoted  may  be 
considerably  in  error.  Judging  from  my  own  results,  10  seconds  with  a  bromide 
plate  would  appear  to  be  too  small  an  exposure  for  the  extreme  limits.  Assuming 
that  the  exposure  I  gave  during  Sun  light  was  one-fifth  of  a  second,  and  that  the 
chloride  plates  are  30  times  less  sensitive  than  the  bromide  plates,  then  it  would  take 
1500  times  the  exposure  I  gave  during  Sun  light  to  photograph  the  outer  parts  of  the 
corona  during  totality.  On  this  point  it  is  instructive  to  compare  Mr.  Wesley’s 
drawing  from  the  jfirotographs  with  Captain  Archer’s  direct  drawing,  probably  one 
of  the  most  accurate  ever  taken.'^' 

8.  Should  the  Experiment  he  Tried  Again  f 

In  conclusion,  the  questions  naturally  arise  :  Is  the  experiment  worth  trying  again, 
and,  if  so,  under  what  conditions  ?  As  to  the  latter  point,  experience  seems  to  show 
that : — 

(1.)  It  should  be  tried  at  a  station  at  great  elevation  above  the  sea. 

(2.)  It  should  be  tried  when  the  Sun  is  nearly  vertical,  during  an  eclipse  of  the 
corona  by  the  Moon,  Mercury,  or  Venus. 

(3.)  The  exposure  must  be  more  varied  and  longer.  At  present  I  see  no  reason 
why  increase  of  exposure  should  not  simply  increase  the  density  of  the  air  glare  in  the 
same  proportion  as  that  of  the  corona,  thus  gaining  no  advantage  by  the  change. 

Unless  the  air  glare  and  internal  reflection  can  be  so  diminished  as  to  make  an 
exposure  of  one  second  with  an  instrument  like  that  used  by  me  a  possibility,  I  fear 

*  See  Appendix  to  Captain  Abney  and  Pi’ofessor  Thorpe’s  paper  on  tlie  Photometric  Intensity  of  the 
Coronal  Light  during  this  eclipse  (infra,  p.  382). 
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no  good  results  are  to  be  expected.  As  to  whether  the  experiment  should  be 
repeated,  it  is  to  be  oljserved  that  the  coronagrapb  is  admirably  adapted  for  taking 
photographs  of  the  corona  during  totality,  for  ordinary  records  ;  for  reflectors  have 
several  advantages  over  refractors  for  this  purpose,  and  the  special  contrivances  of 
this  instrument  would  all  be  more  or  less  useful  under  the  circumstances.  Hence, 
another  trial  can  easily  be  combined  with  what  may  be  described  as  the  ordinary 
routine  work  of  an  eclipse.  Atmospheric  or  other  conditions  are  now  certainly 
unfavourable,  and  time  only  can  settle  the  question  whether  this  is  a  permanent  or  a 
temporary  difiiculty."^  I  should  therefore  recommend  the  experiment  being  made 
again  in  connection  with  other  work,  but  not  before  the  next  occasion  when  the  path 
of  a  total  eclipse  passes  over  high  ground  (say,  over  7000  feet)  which  can  be  con¬ 
veniently  reached,  and  where  there  appears  to  be  a  reasonable  chance  of  having  a 
clear  atmosphere.  But  on  all  occasions  it  would,  I  think,  be  worth  while  arranging 
that  some  one,  not  necessarily  a  trained  astronomer,  should  be  detailed  to  observe  for 
how  long  before  and  after  totality  the  outer  limb  of  the  Moon  can  be  observ^ed. 
This  was  not  done  at  Grenada.  During  partial  eclipses  a  look-out  should  also  be 
kept  for  this  phenomenon. 

Most  of  what  I  have  said  has  been  unfavourable  to  Dr.  Huggins’  method.  But 
there  is  very  material  evidence  in  its  favour,  and,  for  the  benefit  of  any  one  reading 
up  this  subject,  I  have  given  the  necessary  references  in  a  footnote.t 

VII.  The  Prismatic  Camera.  By  Captain  Darwin. 

1.  Description  and  Adjustments. 

The  instrument  was  the  same  as  that  used  by  Dr.  Schuster,  in  Egypt,  in  1882 
(see  ‘Phil.  Trans.’  1884,  Part  I.),  and  by  Mr.  Lawrance,  at  Caroline  Island  (‘Phil. 
Trans.,’  A,  1889). 

The  camera  has  a  lens  of  3  inches  aperture,  and  of  20  inches  focal  length.  There 
is  no  slit,  and  the  prism,  which  is  placed  directly  in  front  of  the  lens,  has  a  refracting 
angle  of  60°.  A  photograph  taken  with  this  instrument  of  any  small  object  which 
has  a  bright  line  spectrum  will  shew  several  images,  each  one  corresponding  to  some 

*  It  is  a  curious  fact,  that  the  limb  of  the  Moon  beyond  the  Sun  has  seldom  been  reported  to  have 
been  observed  long  before  totality  during  the  last  15  years,  although  before  that  date  it  is  said  to  have 
been  seen  on  sevei’al  occasions.  See  ‘  Astron.  Soc.  Mem.,’  vol.  41,  1879,  pp.  25-39. 

t  (I.)  “  On  a  Method  of  Photographing  the  Solar  Corona  without  an  Eclipse.”  W.  HuGGixs, 
‘  Roy.  Soc.  Proc.,’  No.  223,  1882. 

(2.)  “  On  some  Results  of  Photographing  the  Solar  Corona  without  an  Eclipse.”  W.  HuGGixs, 
‘  Brit.  Assoc.  Rep.,’  1883. 

(3.)  “  On  the  Coroua  of  the  Sun.” — Bakerian  Lecture  for  1885.  W.  Huggins,  ‘  Roy.  Soc.  Proc.,’ 
No.  239,  1885. 

(4.)  “  Photographing  the  Corona  without  an  Eclipse.”  E.  L.  Tronveldt,  ‘  Observatory,’  No.  117 
1886 
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line  in  the  spectrum.  Thus,  in  a  photograph  taken  during  totality,  there  will  he 
several  distinct  images  of  each  prominence,  and,  in  measuring  the  distances  between 
them,  we  are,  in  fact,  measuring  the  distances  between  the  corresponding  lines  in  the 
spectrum  of  the  prominence.  A  number  of  small  prominences  close  together  gives 
the  appeEirance  of  a  segment  of  a  circle,  while  the  continuous  spectrum  of  the  corona 
shows  as  a  confused  band  across  the  plate.  This  wuh  explain  why  it  is  difficult  to 
obtain  a  clear  interpretation  of  the  various  appearances  shown  in  these  photographs. 

The  accurate  adjustment  of  the  prismatic  camera  in  its  present  form  is  difficult. 
In  order  that  the  photographic  plate  may  be  in  focus  for  a  large  range  of  the 
spectrum,  the  camera  is  provided  with  a  back  which  can  be  inclined  to  the  optic 
axis  of  the  instrument.  In  order  to  find  the  proper  angle  and  position  of  the  plate. 
Sun  light  which  had  passed  through  a  collimator  accurately  adjusted  for  parallel  rays 
was  thrown  into  the  instrument.  The  spectrum  thus  formed  was  focussed  on  the 
plate,  and  the  instrument,  therefore,  adjusted  for  parallel  rays  entering  in  the 
direction  of  the  optic  axis  of  the  collimator.  The  position  of  the  blue  and  red  end  of 
the  spectrum  was  then  marked  on  the  ground  glass  of  the  camera,  and  the  collimator 
removed.  If  the  instrument  were  then  fixed  on  the  equatorial,  it  would  have  been  in 
focus,  provided  the  camera  w'ere  pointed  relative  to  the  Sun  as  it  wms  before  relative 
to  the  collimator.  This  wms  the  awkward  part  of  the  adjustment;  the  camera  was 
turned  until  the  spectrum  formed  by  the  Sun  occupied  the  position  previously  marked. 
The  spectrum,  of  course,  was  blurred,  owing  to  the  finite  size  of  the  Sun,  but  the 
adjustment  could  be  made  approximately,  and  the  result  shows  that  fair  definition 
was  obtained.  The  slant  of  the  plate  essential  for  securing  fair  focus  for  rays  of 
different  refrangibility  mmst  be  detrhnental  to  the  simultaneous  focus  of  different 
parts  of  the  Sun’s  circumference.  The  instrument  can,  therefore,  never  be  a  perfect 
one,  but  it  affords  valuable  inforjnation  in  every  eclipse  in  which  a  number  of  sharply 
defined  prominences  appear. 

2.  Observations  and  Residts. 

Only  one  photograph  was  taken  during  totality.  The  exposure  was  estimated  at 
nearly  two  minutes,  but  for  about  fifty  seconds  the  corona  was  nearly  obscured  by 
clouds.  It  has  been  explained  how  other  photographs  with  another  instrument,  but 
on  the  same  mounting,  had  to  be  taken  at  the  same  time  as  this  one,  and  how  it, 
therefore,  came  about  that  the  plate  shows  signs  of  a  shake. 

The  images  of  five  prominences  can  be  distinguished,  but  of  these  only  twm  were 
measured,  which  will  be  called  prominences  Nos.  I.  and  II.  No.  I.  is  evidently  the 
large  prominence  on  the  north-west  of  the  Sun  which  forms  such  a  marked  feature  in 
some  of  the  photographs.  There  are  also  two  segments  of  rings  in  a  different  part  of 
the  plate. 

The  instrument  used  for  measuring  the  distances  apart  of  the  images  of  the  promi¬ 
nences  was  very,  kindly  lent  to  me  by  the  Ptoyal  Observatory Greenwdch.  It  was 


320 


CAPTAIN  L.  DARWIN,  DR.  A.  SCHUSTER,  AND  MR.  E.  W.  MAUNDER 


designed  for  measuring  the  Transit  of  Venus  photographs,  and  consists  of  two  parallel 
micrometers,  rigidly  fixed  together  and  capable  of  sliding  in  one  dmection.  With  one 
micrometer  the  image  is  observed,  and  with  the  other  the  distance  is  read  off  on  a 
glass  scale. 

Two  of  the  images  of  all  the  prominences  are  especially  dense,  and  from  their 
position,  and  by  reference  to  previous  results,  these  can  be  recognised  without  much 
doubt  as  being  due  to  the  Solar  H  and  K  lines.  Taking  these  as  a  basis,  three  other 
lines,  h,  H  (y),  and  F,  can  be  recognised  in  the  images  of  prominences  I.  and  II.  with 
some  degree  of  certainty.  The  accuracy  of  this  assumption  can  best  be  tested  by 
seeing  how  nearly  the  wave-lengths  of  three  of  these  five  lines  agree  with  the  wave¬ 
lengths  of  three  known  lines,  on  the  assumption  that  the  two  others  are  known.  For 
this  purpose  F  and  li  were  taken  as  known  with  wa.ve-lengths  4860'5  and  4101 ’2 
respectively.  Then  the  wave-lengths  of  tlie  other  lines  were  calculated  on  the 
assumption  that  the  distances  measured  on  the  plate  varied  inversely  as  the  square  of 
the  wave-length.  This  last  assumption  is,  however,  known  to  be  inaccurate,  and  a 
correction  had  to  be  found  and  applied.  This  was  done  in  the  following  manner  : — 
A  photograph  of  the  Solar  spectrum  was  obtained  with  the  prismatic  camera,  but 
placing  a  slit  and  collimator  in  front  of  the  prism.  The  distances  apart  of  known 
lines  of  wave-length  as  near  as  possible  the  same  as  those  believed  to  have  been  found 
in  the  spectrum  of  the  prominences  were  measured  ;  the  wave-lengths  of  these  lines 
were  then  calculated  as  before  on  the  assumption  that  the  same  two  lines  were  known. 
We,  therefore,  get  in  this  Solar  spectrum  the  known  and  the  calculated  wave-lengths 
of  certain  lines  ;  the  differences  between  the  two  give  corrections  which,  if  applied  to 
the  calculated  wave-lengths  of  the  lines  of  the  prominences  for  the  same  part  of  the 
spectrum,  should  give  their  true  wave-lengths.  The  results  thus  obtained  are 
recorded  in  the  followina'  Table  : — 


Wave-lengtli  obt£ 
ab( 

Prominence  I. 

lined  as  described 
)ve. 

Prominence  I 

Order  of 
intensity,  both 
prominences. 

Names  and  wave-1  engtlis, 
known  lines 
for  comparison. 

4860-5 

4860-5 

3 

4860-5  F 

4471  0 

5 

4471-0  f 

43.39-3 

4340-3 

o 

4340-3  H  (7) 

4101-2 

4101-2 

4 

4101-2  h 

8966-3 

3965-0 

2 

3968-5  H 

3932-8 

8930-5 

i 

3932-8  K 

3890-0 

3890-0 

3 

?  3887-0  H  (t) 

1 

1 

The  three  other  prominences  showed  only  in  the  H  and  K  lines,  and  were  not, 
tlierefore,  measured. 

It  has  already  been  explained  how  it  came  about  that  the  instrument  was  shaken 
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during  expo-sure.  The  result  of  the  shake  is  that  there  are  two  distinct  sets  of  images, 
corresponding  to  two  positions  of  the  instrument.  The  second  set  of  images  is  far 
more  dense  than  the  other,  and  was  alone  used  in  tlie  measurements.  The  images  in 
this  case  are  lengthened  out  in  one  direction,  either  by  vibration  or  through  imperfect 
movement  of  the  clock,  and  prominence  No.  I.  presents  a  curious  appearance  in  conse¬ 
quence.  The  image  is  wide,  and  is  also  separated  into  two  parts  by  a  band  of  vdrite, 
giving  the  appearance  of  another  shake,  but  a  comparison  with  other  photographs  shows 
that  it  is  in  reality  due  to  the  peculiar  formation  of  this  prominence.  In  this  instance 
this  white  band  was  used  in  measuring  the  distances  of  the  images.  The  first  set  of 
images  is  much  more  faint  than  the  other,  and,  as  far  as  tire  prominences  are  con¬ 
cerned,  is  only  visible  as  the  H  and  K  lines  of  No.  I.  prominence.  The  existence  of 
two  segments  of  circles  has  been  mentioned ;  tliese  were  extremely  puzzling  at  first, 
until  it  was  noticed  that  they  coincided  in  position  with  this  at  first  unobserved  faint 
set  of  images ;  that  is  to  say,  that  if  the  circles  had  been  completed  they  would  have 
run  through  the  bases  of  these  prominences.  No  other  rings  corresponding  to  other 
lines  can  be  seen.  The  H  and  K  lines  are  in  all  cases  by  far  the  strongest,  and  it  is, 
therefore,  not  surprising  that  these  should  be  visible  when  the  exposure  is  not  sufficient 
to  produce  any  others.  But  it  is  remarkable  that,  in  the  second  or  stronger  set  of 
images,  the  H  and  K  lines  of  the  same  prominence  should  not  have  rings  corresponding 
to  them,  for  they  are  far  more  dense ;  that  is  to  say,  it  would  appear  at  first  sight 
that  the  same  object  produced  an  image  during  a  short  exposure,  and  yet  failed  to 
produce  one  during  a  considerably  longer  exposure.  It  is  probable  from  its  position 
that  this  bright  inner  circle  was  covered  by  the  Moon  during  the  period  when  the  one 
set  of  images  was  being  formed,  but  was  visible  during  the  other  exposure,  wliich  is 
thus  presumed  to  be  the  first.  It  is  also  to  be  observed  that  the  part  of  the  limb 
where  these  rings  occur  was  that  which  was  least  obliterated  by  clouds  at  the 
commencement  of  totality. 


VIII.  The  Spectroscopic  Cameras.  By  Arthur  Schuster. 

1.  Resolving  Power  of  the  Instruments. 

In  order  ro  form  a  clear  idea  of  the  amount  of  detail  we  may  expect  in  a  photograph 
of  a  spectrum,  it  is  necessary  to  enter  further  than  is  generally  done  into  tlie  details  of 
the  construction  and  adjustment  of  the  instruments  used. 

Lord  Rayleigh  has  given  the  theory  of  the  spectroscope  for  the  case  of  a  sufficiently 
narrow  slit.  It  is  easy  to  extend  his  results  so  as  to  apply  also  to  the  case  of  slits  of 
which  the  width  cannot  be  neglected.  If  R  is  the  horizontal  width  of  the  beam 
entering  the  prisms  (the  refracting  edge  being  supposed  vertical),  r  that  of  the  beam 
leaving  the  prisms,  the  equation  Sf  =  R8iyr  defines  the  angle  through  which  the 
emergent  beam  is  turned,  owing  to  a  small  rotation  hi  of  the  incidental  beam.  If  a  is 
MDCCCLXXXIX. — A.  2  T 
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the  width  of  the  slit, the  focal  length  of  the  collimator,  the  geometrical  image  of  the 
slit  will  subtend  an  angle  Hajfr  at  the  centre  of  the  lens  of  the  telescope  or  camera, 
and  to  this  we  must  add  the  width  (X/r)  of  the  diffraction  band  of  an  indefinitely 
small  slit  in  order  to  obtain  the  actual  angular  width  of  the  image.  The  angle 
between  two  rays  having  a  refractive  index  differing  by  Sp.,  is  on  leaving  the  prisms, 
as  shown  hy  Lord  Ka.yleigh,  tSfijr,  where  t  is  the  aggregate  effective  thickness  of 
the  prisms.  This  angle  must  be  equal  to  the  angular  width  of  the  slit  in  order  that  a 
double  line  may  just  be  resolved.  We  then  obtain  tS/x  =  ai//  -}-  X,  when  ij/  stands  for 
Pt//  and  means  the  angle  subtended  by  the  useful  horizontal  aperture  of  the  collimator 
at  the  slit.  If  8X  is  the  difference  in  wave-length  of  the  two  lines,  we  find 

SX/X  =  g  (X  +  oixp)lXt. 

In  order  to  define  the  actual  and  possible  power  of  a  spectroscope,  it  is  convenient 
to  distinguish  between  the  resolving  power  of  a  spectroscope  and  the  purity  of  a 
spectrum,  and  to  introduce  the  following  definitions  (see  ‘  Encycl.  Britann.,’ 
“Spectroscopy”): — 

llie  unit  of  resolving  2^oiver  of  a  spectroscope  in  any  part  of  the  spectrum  is  that 
resolving  power  which  allows  the  separation  of  two  lines  differing  hy  the  thousandth 
part  of  their  own  wave-length. 

The  unit  of  purity  of  a  sp)cctrum  is  that  p)urity  which  cdloivs  the  separation  of  two 
lines  differing  hy  the  thousctndth  part  of  their  own  wave-length. 

We  speak,  therefore,  of  the  resolving  power  of  a  spectroscope,  which  is  a  constant 
for  each  instrument,  and  of  the  purity  of  a  spectrum,  which  differs  according  to  the 
width  of  the  slit.  Both  resolving  power  and  purity  vary  inversely  as^8X/X,  and  are 
equal  to  unity  if  that  fraction  is  equal  to  10~^.  Hence,  as  from  Ijord  Rayleigh’s 
investigation  for  narrow  slits, 

8p,  =  X/b 
or 

A,  _  0yU. 

lOOOR  = 

dX. 

Also,  from  the  above  equations, 

1000  P=  axfj), 

or 

P  RX/(X  -|-  ai|;). 

Here  P  stands  for  the  purity,  and  R  for  the  resolving  power.  They  are  both 
numei  ically  equal  if  the  slit  a  is  indefinitely  reduced.  If  the  light  is  weak,  narrowing 
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the  slit  will  not  diminish  the  intensity  until  the  width  of  the  slit,  as  calculated  from 
geometrical  optics,  is  equal  to  the  width  of  a  diffraction  band.  In  that  case  ai//  =  X 
and  the  purity  is  half  the  resolving  power.  Hence  we  shall,  when  light  is  of  con¬ 
sideration,  only  be  able  to  make  use  of  half  the  resolving  power  of  a  spectroscope. 
Whether  slits  which  are  wider  than  the  limit  here  given  show  the  fainter  lines  on  a 
photograph  more  distinctly  owing  to  their  increased  width  is  a  matter  for  investiga¬ 
tion  ;  but  it  would,  perhaps,  be  well  in  a  future  eclipse  to  adopt  that  width  of  slit 
which  makes  axjj  =  X. 

Two  spectroscopes  were  to  be  used  on  the  present  occasion,  and  the  following 
numerical  data  will  allow  us  to  calculate  their  resolving  power  and  the  purity  of  the 
spectrum  which  they  gave  : — 

S2Jectroscoj)e  I. 

cm. 

Focal  lens  of  condenser  to  form  image  of  the  corona 


on  the  slit .  34'0 

Focal  lens  of  collimator . lOG'O 

Aperture  of  „  .  6'0 

Width  of  slit  (a)  .  ’003 

Greatest  thickness  of  prism .  13 ’2 

Focal  leno-th  of  camera  lens . 83’1 

The  beam  was  limited  by  the  aperture  of  the  collimator  lens.  As  the  full  aperture 
of  the  collimator  was  used,  we  must  put  t//  =  6/106  and  axfj  17  X  10“^ ;  hence,  for 
a  wave-length  of  4  X  10“^ 

X/(X  +  axp)  =  4/21. 


With  the  width  of  slit  used,  we  have,  therefore,  made  use  of  the  fifth  part  of  the 
resolving  power.  To  calculate  the  latter,  we  have,  in  the  first  place,  to  consider  that 
the  effective  thickness  of  the  prism  used  was  only  11 ’4  cm.,  as  the  aperture  of  the 
collimator  lens  was  not  sufficient  to  use  the  full  width  of  the  prism.  The  dispersive 
power  of  the  glass  was  sufficiently  near  to  that  for  which  Lord  E-ayleigh  has 
calculated  the  value  1’02  cm.  as  the  necessary  thickness  to  resolve  the  sodium  lines. 
As,  according  to  our  definition,  a  resolving  power  of  ’98  is  required  to  separate  the 
sodium  lines,  we  may  take  the  prism  to  give  a  resolving  power  of  1  for  each 
centimeter  thickness  in  the  neighbourhood  of  the  sodium  lines  ;  it  will  vary  inversely 
as  the  third  power  of  the  wave-length,  and  will,  therefore,  be  3 ’2  for  each  centimeter 
in  the  violet.  We  have  also  to  reduce  the  resolving  power  in  the  ratio  of  10:12, 
as  the  beam  is  limited  l)y  a  circular  aperture.  We  have,  therefore,  finally  in  the 
violet 

II  =  11-4  X  3’24/l’2  =  31, 

P  =  4  X  31/21  =  6. 

2  T  2 
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The  purity  was  such,  therefore,  that  near  the  wave-length,  4  X  10  ^  two  lines 
differing  by  the  six-thousandth  part  of  their  own  wave-length  should  be  resolved. 

Spectroscope  II. 

cm. 

Focal  lens  of  condenser  to  form  image  of  the  corona 


on  the  slit .  2 6 '5 

Focal  lens  of  collimator  for  G . 32'5 

,,  ,,  telescope  ,, . 20 ‘0 

Aggregate  thickness  of  two  prisms .  lO’O 

Width  of  slit  (a) .  ‘01 


The  beam  was  limited  by  the  prisms,  the  aperture  of  the  collimator  and  camera 
being  more  than  sufficient  to  fill  the  prisms  and  transmit  the  beam. 

The  calculation  is  carried  on  as  before,  except  that  we  must  now  take  the  useful 
instead  of  the  full  aperture  of  the  collimator  in  order  to  find  As  the  prisms  were 
placed  in  minimum  deviation  for  G,  this  can  be  calculated,  and  we  find  it  to  be  2‘4  cm. ; 
this  determines 

,  -01  X  2-4 

=  — - X-  - ■  =  74  X  10-t 

o2-o 

P  =  PX/(X  -f  axlf)  2K/39  ; 


or,  roughly  speaking,  the  purity  in  this  case  was  only  the  twentieth  part  of  what  it 
might  have  been  if  the  slit  had  been  narrower.  The  spectroscope  wms  intended 
originally  for  the  outer  parts  of  the  corona,  and  the  slit  was,  therefore,  intentionally 
kept  rather  wide.  There  was  at  the  time  no  means  of  measuring  the  width  of  the 
slit,  and  I  did  not  realise  how  much  of  the  resolving  power  was  lost  by  widening  the 
slit.  The  full  resolving  power  in  the  violet  was  32,  and  therefore  the  purity 
realised  P6. 

2.  Adjustments  of  Instr  uments. 

In  order  to  be  able  to  differentiate  between  the  spectra  of  different  parts  of  the 
corona,  its  image  must  be  thrown  on  the  slit  of  the  spectroscojDe  ;  and  for  that  purpose 
the  plane  of  the  slit  must  be  placed  in  the  focal  plane  of  a  condensing  lens.  This  Avas 
done  as  follows  :  an  auxiliary  telescope  Avas  focussed  for  parallel  rays,  and  the  slit  of 
the  spectroscope  looked  at  from  behind  through  the  condensing  lens,  which  AAms  moA^ed 
backAvards  and  forAvards  until  a  sharp  image  of  the  slit  Avas  seen  in  the  telescope. 
The  method  is  the  same  as  that  usually  employed  for  adjusting  the  collimator  of  a 
spectroscope;  only  that,  instead  of  observing  the  slit  through  the  collimating  lens, 
AA^e  observe  it  through  the  condensing  lens. 
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The  backs  of  the  cameras  employed  could  be  tilted  so  as  to  have  a  larger  portion  of 
the  spectrum  in  focus  at  once.  It  would  be  wortli  while  to  determine  by  calculation 
the  best  shape  of  the  camera  lenses  in  order  that  the  foci  of  the  different  rays  shall  be 
as  much  as  possible  in  a  straight  line.  An  achromatic  lens  is  not  as  good  for  the 
purpose  as  an  ordinary  lens,  but  a  combination  might  be  found  which  would  give 
better  results  than  the  ordinary  lenses. 

3.  Results. 

The  general  appearance  of  the  spectrum  of  the  corona,  as  shown  on  the  plate 
exposed  during  the  whole  of  totality  in  the  spectroscope  described  above  as  No.  II., 
is  given  in  Plate  9,  fig.  1.  It  has  a  streaky  appearance,  consisting  of  a  series  of 
bands  stretching  from  the  ultra-violet  into  the  green,  and  is  crossed  by  the  bright  lines 
of  corona  and  prominences.  The  horizontal  bands  are  parallel  to  the  dust  lines,  but 
they  must  be  chiefly  due  to  the  different  brightness  of  the  portions  of  the  corona  cut 
by  the  slit.  This  is  shown  by  the  fact  that  they  are  wider  and  more  diffuse  than  the 
dust  lines  shown  on  the  reference  spectrum,  and  that  we  are  able  to  recognise  in  the 
photograph  of  the  corona  itself  the  brighter  portions  cut  by  the  slit.  A  few  dust  lines 
do  actually  appear,  but  can  be  easily  distinguished.  Fig.  5,  p.  326,  shows  the  section 
of  the  corona  cut  by  the  slit.  The  left-hand  part  of  the  drawing  is  a  tracing  of  the 
streamers  in  the  corona.  The  line  A  A'  is  the  line  along  which  I  had  intended  to  place 
the  slit.  It  is  parallel  to  the  declination  circle,  and  tangential  to  the  western  limb  of 
the  Sun.  It  was,  however,  impossible  to  place  the  slit  accurately  in  the  position 
aimed  at,  and  I  think  that,  for  reasons  presently  to  be  mentioned,  the  slit  really  ran 
along  the  line  BB'.  It  must  have  crossed  one  of  the  prominences,  for  the  prominence 
lines  are  very  strongly  marked,  and  this  prominence  will  allow  us  to  fix  exactly  the 
position  of  the  image  on  the  slit. 

The  right-hand  part  of  the  drawing  gives  the  distribution  of  light  and  shade  in  the 
spectrum  of  the  corona  near  the  Solar  line  G  reduced  to  the  same  scale  as  the  outline 
of  the  corona.  The  images  of.  the  prominence  appear  along  the  line  marked  P.  If 
we  go  from  this  line  towards  the  southern  side  we  find,  in  the  first  place,  a  strongly 
marked  band,  due  no  doubt  to  those  parts  of  the  corona  which  are  closely  adjacent  to 
the  Sun’s  limb.  This  band  and  the  next  are  separated  by  an  interval  in  which  the 
photographic  intensity  is  very  small  along  the  spectrum,  and  I  believe  that  here  the 
slit  must  to  some  extent  have  overlapped  the  image  of  the  Moon. 

Next  comes  a  band,  marked  (2)  in  the  drawings,  in  which  all  corona  lines  appear 
very  strongly.  Here  the  slit  must  have  crossed  the  most  intense  streamer  of  the 
Solar  corona,  as  will  be  seen  by  comparison  with  Mr.  Wesley’s  drawing.  The  most 
southerly  band  (l)  coincides  with  the  section  of  another  streamer.  It  was  the  light 
interval  between  (2)  and  (3)  and  the  portion  of  this  band  (1)  which  induced  me  to 
fix  on  the  line  BB'  as  the  most  probable  line  of  the  slit. 
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The  part  ijnmediately  above  the  prominence  towards  the  north,  which  must  be  close 
to  the  body  of  the  Sun,  is  comparatively  light ;  this  is  partly  due  to  a  speck  of  dust 
on  the  slit,  but  the  continuous  spectrum  of  the  corona  here  must  have  been  weaker. 
Generally  speaking,  the  spectrum  all  over  the  northern  side  is  fainter  than  that 
towards  the  south.  It  will  be  noticed  that  the  bands  are  nearer  together  in  the 
violet  than  in  the  blue.  This  is  due  to  the  fact  that  the  back  of  the  camera  was 
tilted  in  order  to  have  the  whole  range  of  the  spectrum  as  nearly  in  focus  as  possible. 
The  magnifying  power  was,  therefore,  smaller  in  the  violet  than  in  the  blue,  and 
hence  the  tapering  of  the  spectrum  towairds  the  more  refrangible  side. 


Eig.  .5. 


The  spectrum  can  be  traced  from  a  wave-length  4950  in  the  bluish-green  to  about 
3700  in  the  ultra-violet.  The  maximum  of  actinic  intensity  of  the  coronal  light  was 
decidedly  more  towards  the  red  end  of  the  spectrum  than  that  of  Sun  light.  This 
shows  that  the  continuous  spectrum  is  principally  due  to  incandescent  matter  of  a 
lower  temjierature  than  that  of  the  Sun.  Although  the  polarisation  of  the  corona 
and  the  appearance  of  Fraunhofer  lines  show  that  part  of  the  light  is  due  to 
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scattering  of  minute  particles,  only  the  smaller  part  can  be  owing  to  this  cause,  as 
otherwise  the  maximum  of  actinic  intensity  in  the  spectrum  would  he  displaced 
towards  the  violet  and  not  towards  the  red  end  of  the  spectrum.  The  faintness  of 
the  Fraunhofer  lines  is  further  evidence  in  the  same  direction,  and  also  makes  it 
probable  that  there  is  not  much  matter  round  the  Sun  sufficiently  large  to  scatter 
Sun  light  without  polarising  it. 

If  we  now  turn  to  the  lines  shown  on  the  photographs,  our  attention  is  at  once 
arrested  by  the  H  ajid  K  lines.  They  form  in  this,  as  in  previous  eclipses,  the  most 
intense  feature  of  the  corona.  In  the  Eclipse  of  1882,  these  lines  were  so  bright  that 
the  atmosphere  scattered  enough  of  their  light  to  make  them  appear  over  the  disc  of 
the  Moon  and  at  a  considerable  distance  outside  the  corona.  In  the  Eclipse  of  1883, 
the  same  lines  appeared  reversed  over  the  lunar  disc ;  on  that  occasion,  therefore,  the 
light  scattered  by  the  atmosphere  in  front  of  the  Moon  must  have  been  derived  from 
some  source  showing  absorption  lines.  In  our  photographs  the  same  lines  end  sharply 
with  the  corona,  and  we  must  conclude,  therefore,  that,  in  spite  of  the  unfavourable 
atmospheric  conditions,  there  was  but  little  light  scattered  by  our  own  atmosphere  in 
the  neighbourhood  of  the  Sun.  This  is  confirmed  by  the  photograph  of  the  corona 
itself ;  for,  while  on  previous  occasions  the  sky  light  formed  a  bright  background,  on 
which  the  shadow  of  the  wire  stretched  across  the  camera  showed  distinctly  through¬ 
out  the  whole  plate,  the  two  needles  do  not  show  at  all  on  our  plates,  even  on  those 
which  had  the  longest  exposure.  The  analysis  of  the  light  seen  in  front  of  the  Moon, 
or  in  the  neighbourhood  of  the  corona,  seems  to  give  us  imjDortant  information  on  the 
general  light  emitted  by  it,  for  in  three  successive  eclipses  bright  lines,  dank  lines,  and 
no  lines  at  all  ajapeared  on  the  photograph. 

The  prominence  lines  on  the  plate  present  a  curious  winged  appearance  towards  the 
violet.  At  first  sight  it  might  seem  that  this  is  due  to  some  defect  in  the  spectro¬ 
scope,  such  as  a  reflection  on  the  inside  of  the  slit ;  but,  after  careful  consideration,  I 
do  not  think  that  this  is  possible.  One  edge  of  the  wing  is  perfectly  sharp,  and 
almost  as  black  as  the  prominence  line  itself.  The  H  and  K  lines  in  the  corona  seem 
perfectly  sharp  along  their  whole  length,  and  do  not  show  anywhere  a  trace  of  fuzzi¬ 
ness  such  as  would  be  produced  by  a  defective  slit.  The  reference  spectrum  shows 
the  finest  lines  with  perfect  definition.  The  wing  appears  in  all  prominence  lines, 
and,  if  it  is  not  due  to  an  instrumental  defect,  must  be  owing  to  a  rapid  motion  of 
the  matter  forming  the  prominence.  I  find  that  an  approaching  motion  of  about  247 
miles  per  second  in  part  of  the  prominence  would  account  for  the  displacement. 
According  to  Young,  such  motions  have  been  observed,  though  seldom.  The  limb  of 
the  Sun  on  which  the  prominence  appears  vras  receding. 

Another  fact  of  some  importance  is  this,  that,  while  the  continuous  spectrum  on  the 
northern  hemisphere  of  the  Sun  is  weaker  than  on  the  southern,  the  H  and  K  lines 
are  stronger.  The  hydrogen  lines  Hy  and  A  do  not  appear  at  all  on  the  southern 
side,  while  I  can,  under  favourable  conditions,  trace  Hy  to  some  distance  on  the 
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northern.  It  will  be  noticed  from  Mr.  Wesley’s  drawing  that  the  side  on  which 
these  lines  appear  is  the  side  which  was  ricli  in  prominences.  A  similar  phenomenon 
was  shown  in  the  photograph  taken  in  1882,  when  the  hydrogen  and  calcium  lines 
appeared  strong  in  the  corona  on  that  side  on  which  they  were  strong  on  the  edge  of 
the  Sun,  presumably  in  a  prominence. 

The  explanation  which  first  suggests  itself  cannot  be  the  true  one.  We  might 
think  that,  if  many  prominences  exist  over  one  part  of  the  Solar  surface,  the  corona 
above,  which  undoubtedly  does  to  some  extent  scatter  the  light  falling  on  it,  will 
show  the  prominence  lines  more  strongly  than  other  parts  which  have  no  pro¬ 
tuberances  near  them.  No  bright  line  could,  however,  be  produced  in  this  way, 
for  the  light  scattered  by  the  solid  and  liquid  particles  of  the  corona  must  have  the 
same  composition  as  the  direct  Sun  light  which  reaches  the  Earth.  The  particles  are 
illuminated  not  only  by  the  prominence  light,  but  by  the  light  from  the  whole  Solar 
surface  beneath  them.  If  we  imagine  ourselves  placed  near  the  Sun,  the  spectrum 
there  seen  cannot  difier  on  the  average  from  that  which  we  observe  here,  and 
therefore  the  scattered  light  must  also  be  of  the  same  composition,  and  must  show 
dark  lines  on  a  bright  background,  and  not  bright  lines. 

Only  one  other  explanation  occurs  to  me.  We  must  imagine  that  sufficient  matter 
is  actually  thrown  into  the  corona  from  the  prominences  to  show  the  lines.  This 
does  not  seem  surprising  if  we  look,  for  instance,  at  the  lai’ge  prominence  on 
Mr.  Wesley’s  drawing.  The  life  of  such  a  prominence  is  short;  had  the  eclipse 
taken  place  a  few  hours  later,  it  might  not  have  appeared  as  a  prominence ;  but 
would  it  not  have  left  behind  it  a  sufficient  quantity  of  calcium  and  hydrogen  to 
show  their  characteristic  lines  ?  We  need  only  consider  the  remarkable  effects 
produced  in  our  atmosphere  by  the  Krakatoa  eruption,  and  reflect  that  matter  is 
projected  into  the  Solar  atmosphere  on  a  vastly  larger  scale,  to  see  that  the  coronal 
spectrum,  as  we  observe  it,  may  contain  injected  calcium,  which  only  very  gradually 
sinks  back  again  into  the  Sun. 

According  to  this  view,  we  must  separate  the  true  coronal  spectrum,  which  will  be 
seen  evenly  all  round  the  Sun,  from  the  spectrum  due  to  prominence  matter,  which 
will  difier  much  in  intensity  during  difterent  eclipses. 

The  strongest  of  the  true  corona  lines  has,  according  to  my  measurements,  a  wave¬ 
length  4232‘8.  It  is  slightly  less  refrangible  than  the  calcium  line  4226'4  which 
forms  a  conspicuous  feature  in  the  Solar  spectrum.  That  it  is  not  identical  with  it  is 
proved  not  only  by  the  measurements,  but  by  the  fact  that  on  the  corona  photograph 
the  Fraunhofer  line  appears  faintly  by  the  side  of  the  corona  line.  As  the  well 
known  green  corona  line  is  always  present  in  the  spectrum  of  the  chromosphere,  it  is 
very  likely  that  this  new  line,  which  appears  so  strongly  on  our  photographs,  should 
frequently  make  its  appearance  there.  Young,  in  his  excellent  book  on  “  The  Sun,” 
gives,  indeed,  a  line  4233'0  as  one  of  about  30  lines  which  appear  there  on  “very 
slight  provocation.”  It  therefore  seems  highly  probable  that  the  two  lines  are 
identical,  and  that  the  comparatively  weak  Fraunhofer  line  4233 ’0  is  a  corona  line. 
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A  faint  Fraunhofer  line  lias  just  been  mentioned  as  apjiearing  in  the  corona 
spectrum.  The  appearance  of  dark  lines  has  been  a  source  of  considerable  trouble  in  the 
reduction  of  the  photographs.  After  all  the  measurements  had  been  made,  it  struck 
me  that  some  lines  which  I  had  put  down  as  corona  lines  were  really  only  the 
intervals  between  Fraunhofer  lines,  and  1  had  to  subject  the  photograph  to  a  further 
careful  examination.  The  effects  produced  by  the  overlapping  of  a  spectrum  of  dark 
lines  over  one  of  bright  lines  is  very  complicated  ;  especially,  apparently,  some  of  the 
weaker  Fraunhofer  lines  can  be  traced,  while  some  of  the  stronger  ones  do  not  make 
their  appearance.  I  believe  that  this  is  due  partly  to  the  overlapping  of  bright  and 
dark  lines,  but  principally  to  an  optical  effect  of  contrast. 

A  bright  line  shows  black  on  the  negative  and  is  bounded  on  both  sides  by  an 
apparently  lighter  background.  This  is  a  welhknown  contrast  effect.  The  H  and  K 
lines,  for  instance,  seem  to  be  surrounded  by  a  lighter  band,  which  follows  the  contour 
not  only  of  the  lines,  but  also  of  the  wing  by  the  side  of  the  prominence.  If,  now,  a 
Fraunhofer  line  happens  to  be  by  the  side  of  a  bright  line,  the  contrast  is  strengthened, 
and  both  the  bright  and  the  dark  lines  appear  more  distinctly  than  they  otherwise 
would.  This  is  the  only  simple  way  in  which  I  can  explain  some  of  the  appearances 
of  the  photographs. 

The  triplet  with  a  wave-length  4026'0,  4029’7,  and  4036  8,  which  is  represented  in 
fig.  1,  Plate  9,  is  a  case  in  point;  the  group  of  Fraunhofer  lines  at  4031,  about,  is 
weaker  than  the  strong  Fraunhofer  line  4045,  and  yet  is  much  more  easily  visible  on 
the  eclipse  photographs.  This  I  believe  to  be  due  simply  to  the  fact  that  the  two 
lines  4029 '7  and  4036 ‘8  set  off  by  contrast  the  intervening  group  of  Fraunhofer  lines. 

Such  contrast  effects  may,  in  some  cases,  have  materially  affected  my  measurements. 
I  have  made  these  as  carefully  as  I  could,  and  I  believe  that  the  great  majority  of  the 
lines  I  have  put  down  as  corona  lines  are  really  such,  but  some  of  the  weaker  lines 
may  be  due  to  the  optical  efilects  I  have  just  described. 

Possibly  the  true  spectrum  of  the  corona  may  be  still  further  complicated  owing  to 
the  following  cause  : — The  base  of  the  corona  gives  us  evddently  a  strong  continuous 
spectrum,  and  it  is  possible  that  the  lines  of  the  outer  corona  may  therefore  appear  as 
dark  lines  in  a  bright  background.  Captain  Abney  found  some  Fraunhofer  lines 
reversed  over  the  face  of  the  Moon,  while  the  G  band  was  absent.  The  cause  I  have 
suggested  may  account  for  this.  All  these  considerations  show  how  very  careful  we 
must  be  in  the  interpretation  of  photographs  of  the  coronal  spectrum. 

I  had  intended  to  have  made  a  careful  drawing  of  all  I  can  see  on  the  photographs. 
Figs.  2  and  3,  Plate  9,  are  specimens  of  certain  portions  of  the  spectrum  on  a  scale 
40  times  the  original.'"  I  had,  however,  to  give  up  the  work,  as  I  found  it  too  trying 
to  the  eyes.  The  length  of  spectrum  represented  in  fig.  3  is  in  the  original  about  2  mm. 

*  The  distances  between  the  horizontal  bands  are  magnified  on  a  slightly  different  scale  in  the  tw’o 
drawings,  so  as  to  make  them  equal,  while  as  before  explained,  the  real  distances  decrease  towards  the 
violet. 
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Bj  holrling,  the  photograpli  against  a  bright  sky,  and  examining  it  with  a  lens  of 
about  half  an  inch  focal  length,  I  can  see  what  I  have  tried  to  represent  in  the 
drawing.  But  I  could  only  carry  on  the  work  about  an  hour  at  the  time,  and  it 
was  always  followed  by  strong  pain  and  neuralgia  in  the  eye,  lasting  sometimes  for 
several  days.  I  am  sorry,  therefore,  not  to  be  able  to  accompany  this  report  wuth  a 
complete  set  of  drawings.  The  two  specimens  which  1  can  give  will,  however,  give  a 
fair  idea  of  the  appearance  of  the  lines  on  the  photograph.  The  band  reaching  from  a 
wave-length  43 18 '4  to  a  wave-length  4323'7  has  a  curious  shape.  It  is  broad  near 
the  centre  of  the  field,  where  it  is  widest,  and  there  nearly  covers  the  bright  space 
on  the  least  refrangible  side  of  the  G  band,  which  comes  out  so  strongly  in  photo¬ 
graphs  taken  on  a  small  scale.  If  it  was  of  equal  width  throughout,  I  should  have 
taken  it  for  that  band,  coming  out  by  contrast  between  the  Fraunhofer  line  G  and 
the  group  of  lines  at  4324.  But  the  manner  in  wdiicli  the  line  becomes  thinner 
towards  the  outer  parts  of  the  corona  shows  that  it  must  be  a  real  band. 

As  we  go  from  this  band  towards  the  less  refrangible  side,  we  come  to  very  compli¬ 
cated  markings  until  we  reach  the  Hy  prominence.  These  markings  I  believe  to  be 
due  to  an  overlapping  of  Fraunhofer  lines  and  corona  lines  ;  whether  the  difference  in 
the  appearance  on  the  northern  or  southerji  side  is  real  or  not  I  cannot  be  certain. 
The  line  at  4378 ’1  is  the  most  conspicuous  one  in  this  part  of  the  spectrum.  By  its 
side  we  can  trace  the  Fraunhofer  line  4383.  The  series  of  lines  here  seem  to  widen 
at  the  base  of  each  bright  band  of  the  corona,  and  they  are  weak  on  the  northern 
side. 

I  have  not  been  able  to  trace  with  certainty  a  difference  in  the  lines  of  the  spectrum 
of  different  parts  of  the  corona,  except  that  already  mentioned  of  the  calcium  and 
hydrogen  lines.  The  group  of  lines  at  4076  (fig.  3,  Plate  9)  at  first  sight  looks  as  if 
there  was  such  a  difference  ;  but  we  have  here  possibly  only  one  broad  band,  and  the 
lighter  appearance  in  the  centre  may  be  a  defect  in  the  photograph,  or  it  may  be  due 
to  a  Fmunhofer  absorption  line,  which  ought  to  be  here,  or,  finally,  to  a  reversal  of  a 
corona  line  against  a  hotter  background. 

The  results  obtained  with  Spectroscope  I.  are  much  less  satisfactory.  The  plate  had 
a  very  narrow  escape  during  development.  Owing  to  the  hot  damp  weather  the  films 
were  often  found  to  detach  themselves  from  the  glass  in  the  develop)ing  bath  ;  but  we 
had  not  found  any  difiiculty  when  the  bath  was  kept  cool  by  ice,  and  when  the  film 
wus  soaked  with  alum.  Captain  Darwin  had  kindly  offered  to  do  the  whole  of  the 
photographic  part  of  the  work  for  me,  and  for  this,  as  well  as  for  continuous  assistance 
in  other  ways,  I  have  to  offer  my  sincere  thanks.  The  plate  in  question  was  developed 
during  the  afternoon  of  the  eclipse.  For  some  time  nothing  appeared,  and  when  at 
last  the  image  showed  itself  the  plate  at  once  began  to  frill  at  the  edges.  It  was 
only  by  j-epeated  treatment  with  ice  and  alum  that  Captain  Darwin  saved  the  plate, 
but  the  image  is  very  faint.  What  this  is  due  to,  I  cannot  say  with  certainty.  The 
plate  was  one  of  Captain  Abney’s  red  end  plates,  and  probably  was  less  sensitive  in 
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tlie  blue  and  violet  than  those  used  in  tlie  otlier  spectroscope,  wliich  also  were  supplied 
by  Captain  Abney.  The  spectroscope  was  in  good  adjustment,  and  the  reference 
spectrum  taken  with  it  on  the  day  of  the  eclipse  is  perfectly  sharp.  If  the  develop¬ 
ment  could  have  been  carried  further  without  danger,  a  better  image  might  have  been 
obtained.  The  plate  shows  in  a  very  striking  way  the  displacement  of  actinic 
intensity  towards  the  red  in  the  coronal  spectrum.  We  can  recognise  on  the  plate 
the  absorption  of  the  G  band  and  the  strongest  corona  line,  and  thus  fix  the  exten¬ 
sion  of  the  spectrum.  The  reference  spectrum  reaches  from  F  into  the  ultra-violet, 
and  is  very  strong  between  h  and  H.  It  shows,  in  addition,  a  band  in  the  yellow  or 
red,  which,  however,  is  very  faint.  The  corona  spectrum  begins  about  F,  is 
strongest  between  F  and  G,  and  falls  off  very  rapidly  in  intensity  about  h.  It  can  be 
barely  traced  between  li  and  II.  The  lines  shown  on  this  photograph  will  be  given  in 
the  annexed  Table. 

I  must  now  describe  the  method  adopted  to  determine  the  position  of  the  lines 
which  appear  on  the  photographs.  In  1882  a  reference  spectrum  had  been  taken  on 
the  same  plate  previous  to  totality,  but  that  reference  spectrum  was  found  to  be  of  very 
little  use  in  measuring  the  lines.  It  had  to  be  near  the  edge  of  the  plate  in  order 
not  to  interfere  with  the  spectrum  of  the  corona ;  and,  owing  to  the  curvature  of  the 
lines,  we  cannot  directly  compare  the  position  of  a  line  coming  from  the  centre  of  the 
slit  with  one  from  near  one  of  the  edges.  In  order  to  compare  accurately  two  spectra 
on  the  same  plate,  they  must  be  in  contact  with  each  other,  which  would  be  impossible 
unless  part  of  the  coronal  spectrum  were  sacrificed.  A  reference  spectrum  taken  on  a 
different  plate  is  as  useful  as  one  taken  on  the  same  plate,  if  precautions  are  taken  to 
fix  well  the  position  of  the  plate  in  the  holder. 

All  good  photographs  of  the  corona  which  have  been  taken  hitherto  show  the 
calcium  lines  coincident  with  H  and  K,  and  we  can  take  these  always  as  the  starting 
point  for  our  measurements.  The  distance  of  these  lines  from  any  unknown  line  will 
be  the  same  in  the  centre  of  the  reference  spectrum  as  in  the  centre  of  the  coronal 
spectrum,  provided  no  shrinkage  of  the  film  has  taken  place  during  development. 
But,  if  a  shrinkage  has  taken  place,  there  is  no  reason  to  suppose  that  it  is  uniform 
all  over  the  plate,  and  it  may,  therefore,  be  just  as  different  in  the  reference  spectrum 
and  the  coronal  spectrum,  if  these  are  on  the  same  plate,  as  if  they  are  on  different 
plates.  Besides  the  H  and  K  lines  we  can  generally  recognise  some  other  feature  in 
the  coronal  spectrum,  consisting  either  of  another  prominence  line  or  some  well- 
marked  Fraunhofer  line  ;  and  in  that  case  interpolation  becomes  easy  with  the  help  of 
the  lines  on  the  reference  spectrum. 

If  we  add  to  these  considerations  the  danger  of  exposing  to  Sun  light,  or  even 
day  light,  a  plate  which  is  to  be  used  during  the  eclipse,  merely  for  the  sake  of  the 
reference  spectrum,  I  think  it  will  be  conceded  that  I  was  justified  in  taking  the 
reference  spectrum  on  a  separate  plate.  Tliat  this  danger,  which  I  had  pointed  out 
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before  the  .eclipse,  is  not  imaginary,  is  shown  by  the  failnre  of  the  Carriacou 
photographs. 

Tn  the  present  instance  the  hydrogen  lines  Hy,  Ji,  and  those  in  the  ultra-violet, 
appear  in  the  prominence  spectrum  as  well  as  H  and  K,  and  "they  give  us  sufficient 
data  to  determine  the  wave-lengths  of  the  lines  which  appear  in  the  spectrum  of  the 
corona.  The  measurements  were  taken  by  means  of  a  dividing  machine  reading 
to  '002  mm.  The  following  Table  gives  in  centimeters  the  distance  of  three  of  the 
hydrogen  lines  from  B,  as  measured  on  the  reference  spectrum  and  on  the  spectrum 
taken  during  the  eclipse. 


Eeference  spectrum. 

Eclipse  spectrum. 

h 

•3187 

•3184 

H'/ 

•7943 

•7930 

F 

l-o362 

1-5382 

h  and  Hy  appear  as  prominence  lines,  and  their  distances  from  H  are  practically  the 
same  on  the  two  plates.  About  F  there  is  more  doubt.  There  is  a  faint  mark  on  the 
eclipse  spectrum  which  I  had  originally  taken  to  be  the  image  of  the  prominence 
which  I  expected  to  find  there,  but  which  may  easily  be  an  accidental  spot  on  the 
photograph.  The  distance  of  this  spot  from  H  is  1‘54.30  or  the  tenth  part  of  a 
millimetre  further  than  F.  The  discrepancy  seemed  to  me  to  be  too  great,  and  on 
examining  the  photograph  again  I  found  on  the  more  refrangible  side  of  the  spot  a 
distinct  absorption  line,  which,  when  measimed,  gave  1'5382  as  distance  from  H. 
Considering  the  faintness  of  the  image  near  F,  the  measurement  seemed  now  to 
agree,  as  well  as  could  be  expected,  with  the  reference  spectrum,  on  the  supposition 
that  F  shows  as  an  absorption  line  in  the  corona.  I  conclude,  therefore,  that  the 
distance  of  a  given  line  from  H  on  the  eclipse  plate  is  the  same  as  that  of  a 
corresponding  line  on  the  reference  plate.  In  order  to  find  the  wave-lengths  of  the 
lines  in  the  corona  I  proceeded  as  follows. 

The  distances  of  the  following  lines  were  carefully  measured  on  the  reference 


spectrum  from  H  : — 

Fe . .  .  4004-9 

Fe  .  4045-1 

h  . . 4101-2 

Ca .  4226-4 

Hy .  4340-1 

Fe .  4666-5 

F .  4860-7 
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Assuming  the  wave-lengths  of  F  and  of  H  to  be  given,  we  can,  from  the  observed 
positirais,  calculate  by  some  interpolation  formula  the  wave-lengths  of  the  intervening 
reference  lines.  The  formula  I  used  is  the  usual  one 


where  and  X3  are  the  two  known  wave-lengths,  X.^  that  to  be  determined.  D  is  the 
distance  measured  on  the  plate  between  X^  and  X3,  a  tliat  between  X^  and  X^.  The 
wave-lengths  thus  found  are  approximate  only ;  but,  by  comparing  the  calculated 

O 

values  with  those  found  in  Angstrom’s  map  and  given  above,  we  can  construct  a  tal)le 
of  corrections  for  the  reference  lines.  A  curve  was  drawn  having  the  calulatecl  wave¬ 
lengths  as  abscissae  and  the  corrections  as  ordinates.  This  curve  was  found  to  be 
quite  regular  in  shape.  The  same  interpolation  formula  was  now  used  to  calculate 
approximate  wave-lengths  for  the  corona  lines,  and  the  corrections  were  read  off  from 
the  curve.  I  have  found  this  combination  of  interpolation  by  calculation  and  by  a 
graphical  method  to  be  very  convenient.  In  order  to  show  the  accuracy  which  may 
be  obtained  in  this  way  I  give  the  following  example  : — 

I  left  out  originally  the  reference  line  46G6'5  altogether.  There  was,  therefore,  a 
very  large  gap  between  the  lines  F  and  Hy.  The  curve  had  to  be  drawn,  more  or 
less,  as  a  straight  line  between  the  points  corresponding  to  the  two  lines.  Treating  the 
reference  line,  then,  first  like  an  ordinary  corona  line,  that  is,  finding  its  approximate 
wave-length  by  calculation  and  the  correction  from  the  curve,  I  found  4667'0  as  its 
wave-length,  being  very  near  the  correct  value.  The  curvm  was  improved  by  making 
it  still  further  agree  with  this  line,  and,  as  there  is  no  gap  of  equal  magnitude  in  other 
parts  of  the  spectrum,  I  concluded  that  now  the  errors  due  to  intej-polation  are 
negligible.  It  is  more  difficult  to  give  an  idea  of  the  possible  error  due  to  faulty 
measurement.  Most  of  the  important  lines  were  measured  several  times,  and,  from 
the  way  in  which  the  wave-lengths  agree,  I  should  say  that  an  error  of  1‘5  near  F  and 
1  near  H  in  X*  metres  will  not  often  occur  in  the  stronger  lines.  The  position  of 
the  weaker  lines  is,  of  course,  more  uncertain. 

As  the  strong  corona  line  4232'8  had  to  be  used  as  the  starting  point  for  the 
measurements  of  the  second  plate,  considerable  trouble  was  taken  to  find  its  position. 
Perhaps  the  best  idea  of  the  accuracy  which  can  be  reached  in  such  measurements 
can  be  got  from  a  comparison  of  the  individual  measurements.  The  following  then 
are  in  centimetres,  the  distances  from  FI  of  the  corona  line  and  of  the  calcium  line 
4226,  as  measured  on  the  corona  plate  and  on  the  reference  spectrum  respectively. 
The  measurements  were  taken  at  different  times  during  the  last  two  years.  Those 
marked ■“  were  taken  by  my  assistant,  Mr.  Arthur  Stanton. 
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Distance  from  H. 


CoroiiJi  line. 

Calcium  line. 

■b9-io 

•5810 

•5920 

•6810 

•5950 

•5752 

•5930 

•5780 

•5930 

•5790 

•5920 

*■5804 

•5930 

-*■5816 

•5930 

*•5804 

5902 

•5810 

•5910 

•6824 

•5930 

•5822 

*•5904 

Mean  .  ^5923 

Mean  .  ■5802 

Keduced  to  wave-lengths,  the  difference  is  6'4,  and,  taking  the  wave-length  of  the 
calcium  line  as  4226‘4,  I  arrive  at  the  adopted  wave-length  4232‘8. 

The  plate  taken  with  Spectroscope  I.  was  more  difficult  to  reduce.  When  the  G 
absorption  and  the  strong  corona  line  had  been  recognised,  the  distances  of  the  other 
lines  were  measured,  and  the  corresponding  wave-lengths  found  by  help  of  the 
reference  spectrum.  All  measurements  of  this  plate  were  taken  by  Mr.  Stanton,  as 
my  eyes  could  no  longer  stand  the  strain.  The  measurements  are  very  difficult,  as  the 
band  which  has  left  a  mark  on  the  plate  is  exceedingly  narrow,  and  it  is  sometimes 
impossible  to  distinguish  accidental  spots  from  real  lines.  Mr.  Stanton  has  found  a 
number  of  apparent  absorption  lines  in  the  spectrum.  Most  of  these,  agree  with 
strong  Frauiihofer  lines,  and  this  justifies  the  belief  that  his  measurements  are  sub¬ 
stantially  correct  as  giving  the  positions  of  certain  markings  on  the  plates  ;  but  it  is 
cjuice  possible  that  specks  of  dust  or  other  accidental  marks  have  occasionally  been 
taken  for  corona  hires. 

The  following  Table  gives  a  list  of  the  lines  Avhich  have  been  measured  on  the  two 
plates.  For  reference,  the  corona  lines  observed  in  1882  and  1883  have  been  added. 
A  query  is  attached  to  those  wave-lengths  taken  in  1883  which  have  not  been  included 
in  Captain  Abney’s  final  list.  The  lines  which  are  printed  in  thicker  type  are  those 
i  have  measured  repeatedly,  and  about  which  I  can  speak  therefore  with  greater 
confidence ;  but  ail  lines  given  have  been  measured  at  least  twice.  In  the  column 
headed  intensity- —(6)  represents  the  highest  intensity,  and  (l)  the  lowest.  The 
intensities  refer  to  the  appearance  of  the  lines  in  the  centre  of  the  spectrum,  that  is,  on 
the  prominence  line.  The  numbers  given  are,  of  course,  very  approximate  only,  as 
the  judgment  about  intensities  much  depends  on  the  fatigue  of  the  eye  and  other 
circumstances.  Down  to  intensity  (3)  the  lines  are  easily  visible  ;  (2)  means  more 
difficult  to  see,  but  not  doubtful ;  the  lines  marked  (l)  are  doubtful. 
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If  we  compare  together  the  measurements  taken  during  different  eclipses,  we  find 
that  the  agreements  are  good,  especially  those  taken  with  Spectroscope  II.  in  1886 
compared  with  those  taken  in  1883.  The  resolving  powers  in  the  two  cases  were  about 
equal,  and  double  that  used  in  1882.  Nearly  all  lines  found  in  1883  have  a  repre¬ 
sentation  of  intensity  (3),  or  above  in  1886.  Our  data  as  yet  are  insufficient  to  judge 
whether  there  is  any  great  difference  in  the  spectra  during  different  eclipses.  The  slit  in 
1883  was  radial ;  that  in  1886  was  placed  tangential  to  the  Sun’s  limb,  and  this  would 
account  for  some  difference  in  the  relative  intensities  of  lines,  for  some  of  the  lines  in 
the  radial  spectroscope  fade  undoubtedly  more  rapidly  as  we  go  outwards  in  the 
corona  than  others.  A  number  of  lines  are  wide  in  those  parts  of  the  corona  which 
show  the  continuous  spectrum,  strongly  thinning  out  where  that  spectrum  is  weak. 
Nevertheless,  I  cannot  help  thinking  that,  if  the  line  4232’8  had  been  as  strongly 
marked  in  previous  eclipses  as  it  has  been  in  this,  it  would  have  attracted  special 
notice.  On  the  other  hand,  a  line  4015,  which  was  marked  strong  in  1882,  and 
which  was  present  in  1883,  does  not  appear  in  our  photographs.  There  is,  therefore, 
some  ground  to  believe  that  the  spectrum  of  the  corona  differs  much  on  different 
occasions,  although  we  want  further  evidence  to  settle  the  point  definitely. 

I  have  collected  in  the  following  Table  the  most  persistent  lines  in  the  spectrum  of 
the  corona ;  that  is  to  say,  those  which  appear  in  all  three  eclipses. 


1886. 

1883. 

1882. 

4056-7 

4057 

4056 

4084-2 

4085 

4085 

4169-7 

4169 

4168 

4195-0 

4195 

4192 

4211-8 

4213 

4212 

4232-8 

4227 

4224 

4253-6 

4255 

4252 

4372-2 

4370 

4370 

4402-2 

4401 

4400 

4474-4 

4473 

4473 

4498-5  I 
4505-4/ 

4501 

4501  (double) 

4725 

4718 

4721 

It  seems  curious  that  the  discrepancy  is  greatest  for  our  strongest  corona  line. 
The  line  4227  in  1883  may  have  been  the  calcium  line.  That  our  corona  line  is  less 
refrangible  is  proved  not  only  by  the  measurements  which  are  given  above  in  detail, 
but  can  be  shown  by  simply  placing  the  corona  spectrum  film  to  film  against  the 
reference  spectrum.  If  the  H  lines  are  made  to  coincide,  the  corona  line  is  shown 
distinctly  to  be  by  the  side  of  and  not  above  the  Fraunhofer  line  belonging  to 
calcium. 

For  the  greater  part  of  these  lines  the  agreement  is  as  good  as  can  be  expected. 
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Amongst  the  stronger  lines  the  following  have  been  observed  in  1886  and  1883,  but 
not  in  1882  ; — 


1886. 

1883. 

4029-7 

4031 

4036-8 

4037 

4063-5 

4064 

4075-7 

4075 

4183-5 

4185 

4247-2 

4248 

4280-6 

4279 

4378-1 

4377 

4427-5 

4427 

4468-5 

4465 

4627-9 

4636 

4547-8 

4546 

4557-2 

4555  +  3 

4570-2 

4571 

Here  again  the  agreement  is  good  for  the  greater  number  of  the  lines. 

If  we  endeavour  to  trace  coincidences  between  the  corona  lines  and  the  lines  of 
known  elements,  we  meet  with  serious  difficulties.  Owing  to  the  multitude  of  lines, 
accidental  agreements  will  be  frequent,  and  no  certain  conclusions  can  be  drawn 
unless  we  can  trace  a  number  of  coincidences,  or,  at  any  rate,  discover  some  group 
repeated  with  all  its  characteristic  features.  Nor  must  we  forget  that  the  green 
corona  line,  which,  before  the  Egyptian  Eclipse,  was  the  only  known  corona  line,  has 
no  representative  in  the  spectrum  of  terrestrial  substances,  and  the  same  holds  for 
a  large  number  of  the  lines  occurring  most  frequently  in  the  Solar  chromosphere. 

It  should,  therefore,  not  surprise  us  if  we  cannot  recognise  any  of  our  elements  in 
the  corona. 

I  have  been  much  puzzled,  however,  by  a  series  of  coincidences,  which,  although  I 
have  finally  come  to  the  conclusion  tha.t  they  are  accidental,  yet  seem  to  deserve  being 
mentioned  in  this  report.  If  we  look  at  photographs  of  the  line  spectrum  of  nitrogen, 
the  most  striking  features  in  the  violet  are  as  follows  ; — 


Nitrogea. 

Corona. 

Manganese. 

1.  A  very  strong  line  at . 

3994-5 

r 

4025-3 

4026-0 

4029-5 

2.  A  triplet,  the  least  refrangible  being  the  strongest  .  .  .  .  <|^ 

4034-4 

4029-7 

4031-8 

4041-7 

4036-8 

4040-6 

[ 

4228-9 

4232-8 

4227-0 

3.  A  triplet,  in  -which  the  t-wo  least  refrangible  are  the  strongest  2 

4236-4 

4237-9  ? 

4234-6 

4240-6 

4241-0 

4.  A  group  of  lines,  having  its  two  strongest  lines  at  ....  | 

4628-9 

4641-2 

4627-9 

4644-0 

2x2 
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Now  almost  the  three  strongest  corona  groups  occur  exactly  at  the  same  places  as 
the  groups  2,  3,  and  4.  When  we  compare  the  individual  lines  within  each  group, 
however,  the  agreement  is  not  so  satisfactory,  and  the  defective  coincidence  in 
group  3  argues  strongly  against  its  reality.  The  strongest  corona  line  is  at  4232'8, 
falling  in  the  middle  between  the  two  nitrogen  lines ;  hut  the  line  4228  is  really  a 
weak  nitrogen  line,  and  while  the  other  two  are  about  equally  strong  and  so  broad, 
at  any  rate  at  atmospheric  pressure,  that  they  would  not  be  separated  on  our 
photographs,  but  show  as  a  broad  band  with  4239  as  centre,  I  conclude  that  the 
strongest  corona  line  can  have  nothing  to  do  with  nitrogen ;  and  this  makes  the  other 
coincidences  very  doubtful,  especially  as  the  strongest  of  all  violet  nitrogen  lines  at 
3994’5  has  no  representative  in  the  corona  spectrum.  Nevertheless,  I  think  it 
would  be  worth  while  to  look  for  tlie  strong  green  nitrogen  line  in  the  spectrum  of 
the  corona  on  the  next  occasion.  I  have  also  examined  the  spectrum  of  oxygen, 
finding  a  number  of  curious  coincidences  which  are  also  very  likely  accidental  only. 

Finally,  there  are  some  of  the  corona  lines  which  seem  to  lie  very  near  lines  of 
manganese.  As  Mr.  Lockyer  has  shown  that  the  spectrum  of  manganese  plays  an 
important  part  in  cosmical  spectroscopy,  the  coincidences  deserve  careful  consideration. 
I  have,  therefore,  added  a  column  for  the  manganese  lines  in  the  above  Table.  The 
strongest  manganese  lines  in  the  violet  are  4235 '0  and  4230 '7  ;  the  mean  of  these  two 
numbers  is  4232 '8 5,  or  exactly  at  the  place  at  which  the  strongest  corona  line  is  placed. 
I  think  that  our  o})inion  as  to  the  presence  of  manganese  in  the  spectrum  of  the 
corona  must  depend  on  the  question  whether  the  two  manganese  lines  could  possibly, 
with  the  instruments  used,  look  as  a  single  line.  My  own  opinion  is  against  such  a 
view.  Our  photograph  resolves  lines  which  are  quite  as  close  or  even  closer  together 
than  the  two  lines  in  question,  which  are  quite  sharp.  The  corona  line  on  our  plate 
has  a  certain  width  filling  a  space  between  4231  and  4235 '0,  that  is  to  say,  it  fills 
exactly  the  two  spaces  between  the  two  manganese  lines,  but  does  not  overlap  them. 
It  is  strongest  near  its  centre.  From  the  width  of  the  slit  used,  I  calculate  that  an 
indefinitely  thin  line  would,  in  this  part  of  the  spectrum,  cover  a  space  of  about 
2 '6  units,  so  that  the  manganese  lines  should  he  separate,  and  reach  respectively  from 
4228'4  to  4232*0,  and  from  4233*7  to  4230'3.  The  corona  line  should,  therefore, 
show  very  decided  signs  of  duplicity,  and  I  cannot  reconcile  its  actual  appearance 
with  the  supposition  that  it  is  the  representative  of  the  two  manganese  lines.  For  the 
present,  then,  our  attempt  to  identify  corona  lines  has  only  led  to  negative  results. 


4.  Summary  of  Results  and  Suggestions. 

In  conclusion,  I  give  a  summary  of  the  principal  results  of  the  spectroscopic 
camera,  together  with  a  few  suggestions  which  may  prove  useful  to  future  eclipse 
observers. 
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Summary  of  Results. 

1.  The  continuous  spectrum  of  the  corona  has  the  maximum  of  actinic  intensity 
displaced  considerably  towards  the  red,  when  compared  with  the  spectrum  of  Sun 
light.  This  proves  that  it  can  only  in  small  part  be  due  to  light  scattered  by  small 
particles. 

2.  While  on  the  two  previous  occasions  on  which  photographs  of  the  spectrum 
were  obtained  lines  showed  themselves  outside  the  limits  of  the  corona,  this  was  not 
the  case  on  this  occasion.  Hence  there  must  have  been  less  light,  due  to  the 
scattering  in  our  atmosphere. 

3.  Calcium  and  hydrogen  do  not  form  part  of  the  normal  spectrum  of  the  corona. 
The  hydrogen  lines  are  visible  only  in  the  parts  overlying  strong  prominences  ;  the 
H  and  K  lines  of  calcium,  though  visible  everywhere,  are  stronger  on  that  side  of  the 
corona  which  has  many  prominences  at  its  base. 

4.  The  strongest  corona  line  on  the  present  occasion  was  at  X=  4232’8;  this  is 
probably  the  same  line  as  4233 '0  often  observed  by  Young  in  the  chromosphere. 

5.  Of  the  other  strong  lines,  the  positions  of  the  following  seem  pretty  well  estab¬ 
lished  — 

40567,  4084-2,  4089-.3,  4169-7,  41950,  4211-8, 

4280-6,  4365-4,  4372  2,  4378-1,  4485-6,  4627-9. 

The  lines  printed  in  thicker  type  have  been  observed  also  at  the  Caroline  Island  and 
Egyptian  Eclipses. 

6.  A  comparison  between  the  lines  of  the  corona  and  the  lines  of  terrestrial  elements 
has  led  to  negative  results. 

Suggestions  concerning  the  Spectroscogiic  Arrangements  in  future  Eclipses. 

1.  In  order  to  distinguish  better  any  difference  in  the  spectra  between  different 
parts  of  the  corona,  a  larger  image  should  be  thrown  on  the  slit.  A  lens  of  4  or  even 
5  feet  focal  length  might  be  employed  with  advantage.  The  aperture  of  the  lens  need 
not  be  larger  than  that  required  to  fill  the  collimator  with  light, 

2.  The  width  of  slit  should  be  equal  to  yX/R,  where  II  is  the  useful  aperture  of 
the  collimator  lens,  X  the  wave-length,  and  f  the  focal  length  of  the  collimator.  In 
order  to  prevent  difficulties,  due  to  dark  lines,  &c.,y  should  be  about  4  or  5  feet. 

3.  A  resolving  power  of  about  12  in  the  yellow,  if  full  use  is  made  of  it,  seems 
sufficient.  This  can  be  obtained  either  by  one  large  prism  or  two  small  ones. 
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IX.  Photographic  Results  obtained  at  Carriacou  Island. 

By  E.  W.  Maunder. 

The  work  allotted  me  in  the  observation  of  the  eclipse  Avas  purely  photographic, 
and  was  intended  to  be,  in  its  general  character,  a  duplication  of  that  undertaken  by 
Dr.  Schuster.  The  photographs  vehich  I  was  to  take  were  to  be  both  of  the  corona 
itself  and  of  its  spectrum.  Por  the  former  I  was  provided  with  a  lens  of  about 
inches  aperture,  corrected  for  the  photographic  rays,  and  having  a  focal  length  of 
about  5  feet.  The  diameter  of  the  image  of  the  Moon  on  the  photographs,  which 
were  taken  in  the  primary  focus,  was  therefore  about  six-tenths  of  an  inch.  For  the 
photographs  of  the  spectrum  I  had  two  spectroscopes,  the  second  of  which  was  only 
provided  immediately  before  the  instruments  were  packed  up  for  shipment.  The  first 
spectroscope  had  two  prisms,  each  175  inch  in  height  and  2 ’5  inches  in  base,  and  with 
refracting  angle  of  62°  ;  and  it  was  used  in  conjunction  with  a  condensing  lens  of 
o'5  inches  aperture,  and  focal  length  of  17'5  inches.  The  second  spectroscope  had 
one  prism,  2 ‘6  inches  both  in  height  and  base,  and  v.dth  refracting  angle  of  60°;  the 
condensing  lens  used  to  throw  an  image  of  the  Sun  on  the  slit  of  this  spectroscope 
was  3  inches  in  aperture,  and  had  a  focal  length  of  14 ‘5  inches.  These  three  instru  ¬ 
ments  Avere  all  attached  to  the  same  frame,  which  was  mounted  equatorially  and 
supplied  Avith  clock-work.  The  polar  and  declination  axes  and  the  R.  A.  and 
declination  circles  were  those  of  the  Corbett  Equatorial  of  tlie  Royal  Observatory, 
Greenwich ;  the  driving-clock  also  belonged  to  the  same  instrument,  but  the  stand  to 
which  these  Avore  attached  was  made  specially  for  the  expedition.  It  Avas  a  tripod 
stand,  composed  of  pieces  of  angle  iron  bolted  together,  and  Avas  found  to  be  light  and 
portable,  and  at  the  same  time  strong  and  steady.  In  addition  to  the  camera  and 
spectroscopes,  a  telescope  of  3 '6  inches  aperture  and  5  feet  focal  length,  together  with 
its  finder,  was  mounted  on  the  same  stand  ;  and  a  lens  of  1  inch  aperture  and  4  feet 
focal  length,  Avith  a  little  screen  in  its  primaiy  focus,  was  attached  to  the  side  of  the 
coronal  camera  as  a  finder. 

Owing  to  a  delay  in  the  selection  of  tlie  equatorial  mounting  to  be  assigned  to  my 
use,  aiid  to  the  fact  that  the  second  spectroscope  Avas  added  to  the  equipment  as  an 
afterthought,  the  preparation  of  the  entire  instrument  was  thrown  so  late  that  it  was 
completed  only  just  in  time  to  be  packed  for  shipment,  and  I  had  no  opportunity, 
even  for  a  moment,  to  test  its  performance  as  a  Avhole,  or  of  the  diiferent  parts  sepa¬ 
rately,  except  the  coronal  camera,  until  my  arrival  at  Carriacou.  On  setting  iip  the 
instrument  there,  it  Avas  at  once  seen  that  the  dtiAuno’-clock  droA^e  in  the  wrong 
direction,  the  Corbett  equatorial  liaving  been  last  used  in  the  Southern  hemisphere. 
By  the  help  of  one  of  the  artificers  of  the  “  Bullfrog”  this  Avas  altered,  and  the  driAung 
of  the  clock  rendered  fairly  good.  Its  actual  rate  aatis  not  determined,  as  the  neces¬ 
sary  alterations  were  not  conjj)leted  until  tlie  day  before  the  eclipse.  But  the  gearing 
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of  the  hour  circle  into  the  driving-screw  of  the  clock  remained  loose  and  unsatisfactory, 
and  it  was  not  found  possible  to  remedy  it.  The  spectroscopes,  too,  when  put 
together,  proved  to  require  many  alterations  in  small  details,  whicli  cost  the  most 
unceasing  labour,  but  which  were  all  effected  very  satisfactorily  before  the  day  of  the 
eclipse. 

The  programme  which  I  was  to  carry  out  with  tlie  above  instruments  comprised 
the  taking  of  one  photograph  of  the  spectrnm  of  the  corona  during  totality  with  each 
of  the  two  spectroscopes,  and  of  seven  photographs  of  the  corona  itself  with  the  five- 
foot  coronal  camera.  The  slit  of  the  two-prism  spectroscope  wms  to  be  adjusted  so  as 
to  point  east  and  west,  and  to  lie  across  the  centre  of  the  Sun  ;  the  slit  of  the  single¬ 
prism  spectroscope  was  to  lie  north  and  south,  and  to  form  a  tangent  to  the  east  limb 
of  the  Sun. 

The  expedition  reached  Grenada  on  the  afternoon  of  Thursday,  August  12,  and  on 
the  afternoon  of  the  following  day  the  huts  which  had  been  made  for  the  Rev.  S,  J. 
Perry  and  myself  were  taken  on  board  H.M.S.  “  Bullfrog,”  which  left  St.  George’s  at 
daybreak  on  August  f  4,  in  order  to  convey  us  to  Carriacou,  an  island  some  twenty 
miles  north  of  Grenada,  and  the  largest  member  of  the  chain  of  islets  known  as  the 
Grenadines.  We  anchored  in  Grand  Ance  Bay,  off  Hillsborough,  the  principal  village 
of  the  island,  and  made  the  necessary  examination  of  the  country  near,  and  inquiries 
respecting  other  portions  of  the  island,  in  order  to  be  able  to  select  the  most  suitable 
site  for  our  observing  station.  As  there  were  no  safe  anchorages  for  the  gunboat  on 
the  east  of  the  island,  and  as  Grand  Ance  Bay  was  on  the  west  of  the  island,  in  its 
broadest  part,  and  was,  moreover,  surrounded  by  steep  and  lofty  hills,  we  were 
compelled  to  fix  upon  Tyrrell  Bay,  a  little  further  to  the  south,  where  the  island  was 
much  narrower,  and  where  the  hills  were  only  about  200  feet  in  height.  A  position 
was  finally  selected  on  the  top  of  the  ridge,  from  whence  a  good  eastern  horizon  was 
obtained.  The  site  chosen  was  about  300  yards  to  the  north  of  a  small  house  known 
as  “  The  Hermitage,”  the  residence  of  Mr.  Drummond,  and  its  approximate  position 
as  given  by  the  Admiralty  chart  was  W.  long.  61°  29',  and  N.  lat.  12°  27'. 

A  heavy  rain  storm  on  August  16 — the  fringe  of  the  tornado  which  wrecked  the 
neighbouring  Island  of  St.  Vincent — rendered  the  steep  slopes  of  the  hill  so  muddy 
and  sodden  that  the  work  of  conveying  the  huts  and  instruments  to  the  summit 
proved  a  lengthy  and  laborious  task,  and  the  huts  were  not  finally  completed  and  the 
instruments  erected  until  Friday,  August  20.  The  eight  days  still  remaining  before 
the  eclipse  were  then  devoted  to  the  necessary  adjustments  of  the  various  instruments 
and  the  alteration  of  the  driving  clock.  The  work  was  continually  interrupted  by 
short  showers  and  passing  clouds,  but  all  the  cameras  were  brought  into  good  focus, 
the  several  telescopes  and  condensing  lenses  all  rendered  truly  parallel,  and  the 
elevation  and  azimuth  of  the  mountiim  ascertained  to  be  correct  within  a  minute  of 
arc— the  circles  with  which  the  instrument  was  provided  being  divided  to  half 
degrees,  but  reading  to  minutes  by  means  of  a  vernier— before  the  day  of  the  eclipse. 
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The  entii’e  programme  of  the  eclipse  had  also  been  rehearsed  on  two  occasions,  viz., 
the  mornings  of  Thursday  and  Saturday,  August  26  and  28.  Friday,  August  27, 
was  wet. 

On  the  day  of  the  eclipse  the  Sun  rose  behind  cloud,  and  the  sky  was  generally 
overcast,  though  with  breaks  here  and  there.  A  smart  shower  fell,  shortly  before  the 
eclipse,  which  necessitated  a  hasty  closing  of  the  observing  huts,  but  it  passed  off 
before  totality  began,  and  the  total  pliase  was  observed  in  what  appeared  to  be  an 
entirely  clear  space  of  sky.  An  alarm  clock,  ringing  at  every  tenth  second,  was  set 
up  in  the  observing  hut,  and  the  timekeeper  started  the  clock  at  the  moment  totality 
commenced,  and  called  out  at  every  tenth  second  the  number  of  seconds  yet  remaining 
before  the  first  re-appearance  of  Sun  light.  The  clock  face  had  been  numbered  for 
205  seconds,  and  the  total  phase  was  over  about  one  second  and  a  half  after  the  last 
had  been  counted,  so  that,  estimating  half  a  second  for  the  delay  in  starting  the  clock, 
the  duration  of  totality  must  have  been  3  minutes  and  27  seconds. 

As  totality  approached  I  watched  the  Sun  in  the  finder  of  my  telescope,  and  gave 
the  word  Start  the  clock  ”  to  the  timekeeper  as  the  last  ray  of  Sun  light  disappeared. 
He  started  the  striking-clock  very  promptly,  and  called  the  seconds  very  sharply  and 
clearly  throughout  the  eclipse. 

I  drew  back  the  slide  of  the  camera  of  the  two-prism  spectroscope  first,  then  that  of 
the  single -pi’ism  spectroscope,  and  then  proceeded  to  expose  seven  plates  upon  the 
corona  itself  with  the  five-foot  camera,  the  several  plates  being  exposed  for  the 
following'  times  : — 

O 


First  nlate . 

j.  • 

.  .  0-2 

Second  plate  .... 

.  .  .  2-0 

Third  plate  .... 

.  .  10-0 

Fourth  plate  .... 

.  .  40-0 

Fifth  plate . 

.  .  .  7-0 

Sixth  plate . 

.  .  4-0 

Seventh  plate  .... 

.  .  0-2 

The  fourth  plate  was  exposed  at  the  word  “  120  seconds,”  i.e.,  85  seconds  after  the 
commencement  of  totality,  and  closed  at  the  word  “SO  seconds.”  The  seventh  plate 
was  exposed  before  the  word  “20  seconds.”  It  would  have  been  quite  possible  to 
have  obtained  at  least  two  more  short  exposure  plates  had  I  had  them  ready,  but  I 
had  not  judged  it  wise  to  attempt  more  than  the  seven  of  the  original  programme,  as 
I  had  not  been  able  to  manage  more  than  that  number  during  the  rehearsals,  but  I 
found  that  I  was  able  to  work  more  rapidly  and  collectedly  during  the  eclipse  itself 
than  during  the  preliminary  drills. 

At  “10  seconds  ”  the  timekeeper  gave  the  word  “  close  cameras,”  and  I  closed  the 
single-prism  spectroscope  first,  and  the  two-prism  spectroscope  afterwards.  Both 
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were  closed  some  seconds  before  the  end  of  totality.  I  was  able  to  look  up  at  the 
corona  diiriug  the  exposure  of  my  plates,  and  I  watched  It  through  the  finder  during 
the  40  secondwS  exposure  of  the  fourth  plate.  I  saw  no  trace  of  a  red  or  rosy  tint  in 
either  chromosphere  or  prominences,  but  I  remarked  two  exceedingly  bright  and 
beautiful  prominences  of  the  intensest  silver  whiteness.  The  taller  of  these  is  very 
well  shown  on  some  of  my  photographs. 

The  light  during  totality  was  feeble,  but  was  just  barely  bright  enough  to  enable 
me  to  read  the  programme  which  I  had  written  out  in  a  bold  round  hand,  and  had 
pa.sted  on  the  top  of  the  coronal  camera. 

After  totality  the  Sun  was  covered  by  light  cloud  almost  immediately,  but  a  photo¬ 
graph  was  secured  to  give  the  direction  of  the  two  needles  which  were  fixed  in  the 
east  and  west  sides  of  the  coronal  camera,  close  to  the  sensitive  plate ;  and  later  on 
the  Sun  was  brought  on  the  bottom  of  the  slit  of  each  of  the  spectroscopes  and  the 
plates  were  re-exposed  for  a  second  in  order  to  secure  a  reference  spectrum. 

The  photographs  were  not  developed  until  after  the  return  of  the  expedition  to 
England,  when  Captain  Abney  kindly  consented  to  undertake  the  operation.  No  ice 
could  be  obtained  at  Carriacou,  and  many  of  the  best  trial  plates,  taken  for  the 
purpose  of  ascertaining  the  focus  of  the  different  cameras,  had  been  spoiled  or  com¬ 
pletely  lost  by  the  heat.  It  was,  therefore,  thought  unwise  to  run  the  risk  of 
developing  the  eclipse  photographs  at  Carriacou,  and  the  plates  were  accordingly 
securely  sealed  up,  and  brought  home  undeveloped. 

Of  the  seven  photographs  of  the  corona  taken  with  the  five-foot  coronal  camera, 
five  proved  to  be  good,  one  showed  some  deformation  of  the  image,  and  the  seventh 
was  spoiled.  The  spoiled  plate  was  the'  fourth  in  order  of  exposure,  and  was  exposed 
for  40  seconds ;  the  accident  which  rendered  it  useless  was  brought  about  in  the 
following  manner : — Mr.  Drummond,  the  owner  of  the  estate  on  which  we  had  fixed 
our  observing  station,  and  who  had  been  our  most  self-sacrificing  host,  had  looked 
through  the  little  telescope  attached  to  the  coronal  camera  during  the  first  80  seconds 
of  totality,  but  immediately  on  the  exposure  of  the  plate  in  question  he  stepped  down 
and  I  took  his  place.  Unfortunately,  in  making  the  transfer  in  the  semi-darkness, 
the  instrument  received  a  severe  jar,  a  jar  rendered  the  more  serious  by  the  unsatis¬ 
factory  character  of  the  gearing  of  the  R.  A.  circle  alluded  to  above.  '  The  clock,  how¬ 
ever,  drove  the  telescope  very  satisfactorily,  both  before  and  after  this  occurrence. 
The  other  plates  were  placed,  with  the  photographs  of  tlie  other  observers,  in  the 
hands  of  Mr.  W.  H.  Wesley,  Assistant- Secretary  of  the  Royal  Astronomical  Society, 
who  has  prepared  a  drawing  from  the  collation  of  the  entire  series.  The  plates 
exposed  upon  the  corona  were  supplied  by  Captain  Abney,  and  were  3j;  inches  by 
4^  inches. 

The  two  spectrum  plates  were  also  supplied  by  Captain  Abney,  and  were  If  inch 
I?  inches  in  size.  Both  these  unfortunately  proved  to  be  useless,  for,  on  develop¬ 
ment,  the  coronal  spectrum  was  found  to  be  masked  by  an  ordinary  Solar  spectrum. 
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It  appectTS  most  prol^able  that,  whilst  taking  the  reference  spectrum,  I  inadvei-tentlj 
exposed  the  plates  to  full  San  shine  for  a  moment  or  so;  for  it  does  not  appear  possible 
that  the  exposure  at  the  actual  time  of  the  eclipse  can  have  been  prolonged  beyond 
the  duration  of  the  total  phase.  It  is  to  be  much  regretted  that  the  attempt  was 
made  to  secure  anything  beyond  the  coronal  spectrum  upon  the  same  plate  with  it, 
and  that  any  instrument  not  absolutely  necessary  should  have  been  mounted  on  the 
same  stand  as  the  cameras  and  their  accessories.  But  for  this  mistake  I  should  prob¬ 
ably  have  had  to  report  the  success  of  all  the  nine  photographs  instead  of  that  of  only 
six  of  tliem. 


X.  Description  of  the  Eclipse  and  Drawing  of  the  Corona.  By  Captain 

Irwin  C.  Mating,  Colonial  Secretary. 

The  Total  Eclipse  of  the  Sun  on  the  29th  August,  1886,  was  observed  by  me 
from  Prickly  Point,  Grenada,  West  Indies,  the  station  selected  by  Captain  L. 
Dapavin,  R.E.,  and  Mr.  A.  Schuster,  F.R..S.,  of  the  Eclipse  Expedition ;  they  kindly 
requested  me  to  take  charge  of  the  disc,  and  the  following  are  the  results  of  my 
observations  : — 

Pi’evious  to  the  commencement  of  totality  my  eyes  were  covered  for  10  minutes  to 
enable  the  sight  to  be  as  strong  as  possible  ;  I  had,  however,  scarcely  begun  my 
drawing  when  a  small  drift  of  cloud  passed  over  the  eclipse,  hiding  it  for  about 
40  seconds,  after  whicli  time  it  was  perfectly  clear,  and  I  was  enabled  to  continue  my 
observations.  The  Moon  was  surrounded  by  a  bright  halo  resembling  that  painted 
round  the  heads  of  saints  in  old  pictures,  from  which  long  streams  of  light  extended, 
varying  much  in  length,  form,  and  apparent  density.  The  longest  ray  was  on  the 
upper  right  side.  It  was  of  a  bright  pale  yellow,  fading  into  white  at  the  extreme 
point ;  it  appeared  to  be  about  two  and  a  half  times  the  diameter  of  my  disc. 

The  next  longest,  and  I  admit  most  beautiful,  streamer  was  on  the  left  side,  in 
about  the  315°,  counting  from  zenith  to  the  right,  and  immediately  above  a  small  red 
prominence.  This  ray  differed  from  its  companion  on  the  right,  inasmuch  that  it  was 
of  a  conical  shape,  dense  along  the  edges  and  upper  curve,  and  gradually  thinning 
towards  the  corona.  Its  colour  appeared  to  be  of  a  whitish-yellow,  and  the  centre 
seemed  to  be  hollow,  as  if  one  could  see  through  it.  This  description  also  applies  to 
the  smaller  conical  shaped  rays  on  the  right  and  the  lower  part  of  the  corona. 

I  further  observed  twm  small  prominences  of  a  red  salmon  colour  on  the  left  of  the 
Moon.  The  upper  one  was  round,  the  lower  irregular  and  angular,  apparently  in 
contact  with  the  Moon,  or  immediately  contiguous  to  it. 

It  will  be  observed  that  a  smali  space  between  the  long  conical  streamer  and  zenith 
is  left  bare.  I  was  unable  to  complete  my  drawing,  owing  to  totality  being  over. 
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I  attach  the  original  drawing  in  chalk  done  on  the  spot.  It  has  not  been  touched  in 
any  way  since. 

Zenith. 


XL  On  the  Photographs  of  the  Corona  obtained  at  Prickly  Point  and 
Carriacou  Island.  By  W.  H.  Wesley. 


The  drawing  from  which  the  j^late  (Plate  10),  lias  been  engraved  ^ras  made  from 
a  series  of  7  negatives,  taken  by  Mr.  Maunder,  and  5  by  Professor  Schuster.  In 
the  original  negatives  the  diameter  of  the  Moon’s  disc  is  f  inch,  and  tlie  drawing  has 
been  made  to  a  scale  of  2-^  inches  for  the  Moon’s  diameter.  The  following  is  a  brief 
description  of  the  individual  plates. 
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Plate  1. 

Plate  2. 
Plate  3. 

Plate  4. 

Plate  5. 
Plate  6. 
Plate  7. 


Plate  1. 
Plate  2. 
Plate  4, 

Plate  5. 

Plate  G. 


Mr.  Maunder’s  Negatives. 

Exposure  0‘2  sec.  Corona  well  defined,  but  not  extending  further  than  7' 
from  limb.  Tliree  prominences  on  N.E.  limb,  and  low^er  part  of  great  pro¬ 
minence  on  N.W. 

Exposure  2  secs.  Corona  well  defined,  but  not  extending  further  than  11' 
from  limb.  Same  prominences  visible  as  on  Plate  1. 

Exposure  10  secs.  Corona  can  be  traced  on  N.W.  to  nearly  a  Lunar 
diameter  from  limb,  but  is  extremely  ill  defined,  showing  scarcely  any  detail. 
Negative  so  dense  that  prominences  can  hardly  be  made  out. 

Exposure  40  secs.  Corona  of  great  extent,  but  ill  defined.  There  has  been 
much  shake,  and  two  separate  images,  about  13'  apart,  are  superposed  upon 
the  plate. 

Exposure  7  secs.  Corona  can  be  traced  on  N.W.  to  about  27',  but  detail  very 
imperfect  and  indefinite.  *^  Not  quite  so  dense  a  negative  as  Plate  3. 
Exposure  4  secs.  Greatest  height  of  corona  22'.  Dense  negative,  but  detail 
very  ill  defined. 

Exposure  0'2  sec.  Scarcely  a  trace  of  corona.  Plate  fogged,  but  prominences 
on  N.W.  and  W.  limb  perfectly  defined  and  better  seen  than  on  any  of  the 
plates. 


Professor  Schuster’s  Negatives. 

Exposure  15  secs.  ('?)  Lower  portions  of  corona  only  are  just  visible.  Twm 
prominences  on  N.E.  limb,  and  lower  part  of  great  prominence  on  N.W. 

■"  Exposure  15  secs.  (?)  Corona  slightly  more  shown  than  in  Plate  1.  One 
prominence  visible  on  N.E.  limb,  and  lower  part  of  great  prominence  on  N.W. 
Exposure  20  secs.  (?)  Corona  of  greater  extent  than  in  any  of  the  plates  of 
this  series,  reaching  on  the  N.W.  to  a  height  of  nearly  26'.  Details  of  coronal 
structure  ver}-  well  shown.  Negative  dense  near  limb  ;  prominences  not  very 
distinct. 

Exposure  15  secs.  (?)  Coronal  detail  well  shown,  but  extension  somewhat 
abruptly  cut  oft'  at  a  height  of  about  ^  of  a  Lunar  diameter.  Dense  near 
limb  ;  prominences  not  well  seen. 

Exposure  5  secs.  (?)  Somewhat  thin  negative  ;  details  of  corona  in  N.  and  S. 
polar  regions  very  clearly  defined,  but  a  superposed  image  (a  few  minutes  of 
arc  from  the  principal  image),  with  a  trace  of  the  re-appearing  crescent,  has 
blotted  out  the  corona  on  the  W.  side. 

*  The  corona  was  behind  a  film  of  clouds  while  these  })hotographs  were  taken. 
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The  Prominences. 

These  have  been  drawn  from  Plates  I,  2,  and  7  of  Mr.  Maunder’s,  and  Plates  1 
and  2  of  Professor  Schuster’s.  Twelve  prominences  are  visible  on  the  plates.  Of 
these,  four  inconspicuous  ones  are  near  together  in  the  N.E.  quadrant.  On  the  W. 
limb  is  a  well-marked  group  of  seven  prominences  extending  from  20°  N.  to  10°  S.  of 
the  equator,  and  at  about  45°  N.  is  a  very  remarkable  branched  one,  rising  to  a  height 
of  5'.  The  accompanying  woodcut  gives  an  enlarged  view  of  this  prominence,  which 
is  perfectly  shown  on  Mr.  Maunder’s  Plate  7. 


The  Corona. 

This  has  been  mainly  drawn  from  Plates  4  and  6  of  Professor  Schuster’s.  A 
somewhat  greater  extension  is  given  in  Mr.  Maunder’s  Plate  3,  but  its  definition  is 
so  imperfect  that  but  little  use  has  been  made  of  this  plate.  To  ensure  greater 
accuracy,  two  perfectly  independent  outline  drawings  were  made  to  scale ;  these  were 
then  superposed,  and  further  measurements  made  in  every  case  of  difference. 

The  rifts  at  the  N.  and  S.  poles,  Avhich  have  generally  characterised  the  corona, 
were  well  shown  in  1886.  They  wmre  very  wide,  the  northern  rift  extending  along 
the  limb  for  a  distance  of  more  than  40°,  and  the  southern  for  50°.  They  are 
almost  symmetrically  placed  about  the  Sun’s  axis.  Both  rifts  are  filled  Avith  rays, 
somewhat  similar  to  the  polar  rays  of  1878,  but  not  nearly  so  fine,  numerous,  or 
regular.  The  southern  rift  is  less  obvious  than  the  northern,  the  rays  filling  it  being 
broader,  longer,  and  less  definite.  These  rifts  are  bounded  on  each  side  by  groups  of 
more  or  less  synclinal  structure,  which  are  clearly  separated  from  the  masses  of  equa¬ 
torial  rays.  The  synclinal  groups  bounding  the  great  rifts  are  very  unsymmetrical, 
those  on  the  east  being  comparatively  low  and  depressed  towards  the  equator,  while 
the  corresponding  rifts  to  the  wmst  rise  to  a  much  greater  height,  and  are  nearly  radial 
in  direction.  The  general  mass  of  coronal  structure  on  the  western  side  is  therefore 
much  greater  than  that  on  the  east,  although  the  rifts  are  symmetrically  placed. 
This  want  of  symmetry  extends  also  to  the  masses  of  ecpiatorial  rays,  that  on  the 
west  extending  along  the  limb  nearly  twice  as  far  as  the  corresponding  mass  on  the 
east ;  it  also  rises  to  a  much  greater  height,  and  has  a  far  more  complicated  structure 
than  the  comparatively  low  and  structureless  eastern  equatoiial  group. 

The  specially  synclinal  structure  is  best  seen  in  the  mass  bounding  the  northern  rift 
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to  the  west.  In  the  centre  of  this  mass  is  the  tall  prominence  before  referred  to,  and 
over  this  prominence  the  coronal  rays  bend  towards  each  other  on  either  side.  The 
base  of  this  group  is  encroached  upon  by  the  broad  equatorial  mass,  which  appears  to 
overlap  it.  The  group  bounding  the  northern  rift  on  the  east  shows  but  little  struc¬ 
ture.  The  synclinal  group  to  the  west  of  the  great  southern  rift  is  nearly  radial, 
narrow,  and  conical,  and  extends  to  a  height  of  quite  24'  from  the  limb.  The 
corresponding  group  to  the  east  extends  not  much  more  than  half  this  height,  and  is 
broad  and  depressed  towards  the  equator. 

On  comparing  the  corona  of  1886  with  those  of  other  years,  it  appears  decidedly 
different  from  any  previously  photographed.  The  great  northern  and  southern  rifts 
extending  for  some  distance  along  the  limb,  and  the  character  of  the  rays  filling  the 
rifts,  recall  to  some  extent  the  more  extreme  form  shown  in  1878.  The  depression 
of  the  main  coronal  mass  towards  the  equator,  however,  even  on  the  eastern  side,  is 
not  nearly  so  great  as  in  1878,  and  the  western  side  is  totally  different  in  character. 
In  fact,  the  western  half  of  the  corona  of  1886  shows  a  striking  resemblance  to  the 
corresponding  side  in  1871,  but  the  compressed  eastern  half  in  1886  and  the  wide 
polar  rifts  have  nothing  in  common  with  the  corona  of  1871. 

In  1875  there  was  the  same  decided  want  of  symmetry  between  the  two  sides  of 
the  corona,  but  in  this  case  it  was  the  western  half  which  was  more  depressed  towards 
the  equator.  In  1875,  also,  there  was  a  greater  tendency  towards  the  extreme  polar 
depressioj‘1  of  1878. 

The  corona  of  1886  has  no  resemblance  to  that  of  1882,  which  had  no  conspicuous 
polar  rifts.  Almost  equally  dissimilar  was  the  corona  of  1883,  with  a  single  great  rift 
at  the  north  pole  only,  opened  at  an  angle  of  about  90°,  but  hardly  extending  to  the 
limb,  and  very  unsymmetrically  placed  with  regard  to  the  Sun’s  axis.  Of  f  he  Eclipse 
of  1885,  I  believe  the  only  successful  negatives  were  those  taken  by  Mr.  Radford,  at 
Wellington,  N.Z.,  now  in  the  possession  of  the  Royal  Society,  but  which  have  not  yet 
been  published.  I  am  not  certain  about  the  orientation  of  these,  but,  as  far  as  I  can 
judge,  they  present  no  resemblance  to  the  corona  of  1886. 

In  conclusion,  it  may  be  said  that  this  corona  occupies  a  middle  place  between  the 
extreme  forms  of  1871  and  1  878. 
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X.  Report  of  the  Observations  of  the  lotal  Solar  Eclipse  of  August  29,  188G,  made  at 

the  Island  of  Carriacou. 

By  the  Rev.  S.  J.  Perry,  S.J.,  F.R.S. 
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[Plate  11.] 

The  astronomers  appointed  by  the  Committee  of  the  Royal  Society  to  proceed  to  the 
West  Indies  to  observe  the  total  eclipse  of  the  Sun  on  the  morning  of  August  29, 
sailed  together  from  Southampton  in  the  R.M.S.  “Nile,”  Captain  Gillies,  on  July  29, 
and,  after  a  fair  passage,  anchored  at  Barbados  at  daybreak  on  August  11.  A 
committee  meeting  on  board  had  partly  fixed  our  plans  with  regard  to  the  stations  of 
observation,  so  that,  when  we  found  two  of  H.M.’s  gunboats  awaiting  our  arrival  in 
the  roadstead,  the  instruments  of  Mr.  Maunder  and  of  the  Rev.  S.  J.  Perry  were, 
after  consultation  with  the  commanders  of  H.M.’s  vessels,  at  once  transferred  to  the 
“Bullfrog,”  whilst  the  remainder  of  the  instruments  found  a  ready  berth  on  the  deck 
of  H.M.S.  “  Fantome,”  which,  being  the  larger  of  the  two  gunboats,  was  reserved  for 
the  observers  destined  for  Grenada  and  its  immediate  vicinity.  Both  the  war-vessels 
started  the  same  morning  for  Grenada,  Mr.  Lockyer  and  Dr.  Thorpe  sailing  on  board 
the  “  Fantome,”  in  order  to  secure  the  earliest  possible  interview  with  the  Governor 
of  the  Windward  Islands.  The  rest  of  the  astronomers  left  the  same  evening  in  the 
R.M.S.  “  Eden,”  Captain  Mackenzie,  and,  after  touching  at  St.  Vincent,  arrived  at 
Grenada  early  on  the  afternoon  of  the  12th,  The  private  luggage  of  Mr.  Maunder 
and  of  the  Rev.  S.  J.  Perry  was  immediately  placed  on  board  H.M.S.  “  Bullfrog,” 
where  they  received  the  heartiest  welcome  from  Captain  Masterman,  R.N.,  who 
devoted  the  best  part  of  his  own  cabin  to  Father  Perry,  and  found  a  comfortable 
private  cabin  for  Mr.  Maunder.  Captain  Archer,  R.N.,  had  also  arrived  at  Grenada 
in  command  of  H.M.S.  “Fantome”;  and  the  “  Sparrowhawk,”  a  surveying  vessel, 
commanded  by  Captain  Oldham,  R.N.,  was  anchored  in  the  harbour  of  St.  George, 
her  officers  having  been  placed  by  the  Hydrographer  of  the  Admiralty  at  the  disposal 
of  the  expedition.  Previous  to  our  arrival  Governor  Sendall,  most  ably  assisted  by 
Captain  Melling,  had  personally  inspected  most  of  the  best  sites  for  the  astronomical 
observations,  collected  all  existing  records  of  the  weather,  and  designed  huts  for  the 
protection  of  the  instruments.  Carriacou  and  Green  Island  were  told  off  for  the 
northern  station,  to  be  occupied  by  Father  Perry  and  Mr.  Maunder,  assisted  by  the 
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officers  ancl  men  of  H.M.S.  “Bullfrog”  and  by  Sub-Lieutenant  Helby,  of  H.M.S. 
“  Sparrowhawk.”  It  was  thought,  however,  more  advisable  not  to  separate  the 
members  of  this  party  by  a  distance  of  some  twenty  miles,  and,  therefore,  the  more 
northerly  island  of  Carriacou  was  fixed  upon  as  the  site  best  suited  for  both  observers. 

The  13th  of  August  was  spent  in  packing  the  huts  and  getting  them  on  board,  and 
on  the  14th  H.M.S.  “  Bullfrog  ”  left  early  for  Carriacou,  and  cast  anchor  in  Hills¬ 
borough  Bay  the  same  afternoon.  Immediately  on  our  arrival  we  received  a  visit 
from  the  resident  magistrate,  Mr.  Boche,  and  from  the  harbour  master,  Mr.  Isaacs, 
who  both  offered  us  every  assistance  in  their  power.  On  landing  we  paid  our  respect 
to  the  venerable  Canon  Petretto,  wdiom  Governor  Sendall  had  specially  named, 
along  with  Mr.  Roche,  as  most  anxious  to  render  us  every  possible  aid.  From 
information  received  from  these  gentlemen  and  from  the  resident  physician.  Dr. 
Archer,  we  concluded  that  the  southern  shore  of  the  island  might  provide  an  excel¬ 
lent  site  for  the  observations,  as  well  as  good  anchorage,  and  a  fair  prospect  of  landing 
safely  our  heavy  instruments.  A  note  to  Mr.  Drummond,  the  owner  of  an  estate  in 
the  south  of  the  island,  met  at  once  with  a  cordial  response,  and  we  were  invited  to 
make  “  The  Hermitage  ”  our  home  during  our  stay  at  Carriacou. 

On  August  15,  it  being  Sunday,  we  lay  at  anchor  off  Hillsborough,  but  the  next 
morning,  in  spite  of  a  heavy  sea,  which  formed  part  of  the  cyclone  that  destroyed  five 
churches  and  many  houses  at  St.  Vincent,  only  forty  miles  to  the  north  of  Carriacou, 
we  steamed  round  to  Tyrrel  Bay,  and  took  up  our  final  position  close  by  the  estate  of 
Mr.  P.  Drummond.  With  some  difficulty  we  found  our  way  through  the  coral  reefs 
in  the  captain’s  cutter,  and  were  met  on  the  shore  by  the  land  agent  of  Mr. 
Drummond,  who  pointed  out  the  best  spot  for  landing  and  the  most  accessible  road  to 
“  The  Hermitage.”  This  building  stands  on  the  summit  of  a  ridge  200  feet  above 
the  level  of  the  sea,  the  land  stretching  in  a  long  promontory  towards  the  South-West 
between  Tyrrel  and  Manchioneal  Bays.  On  examining  carefully  the  bearing  of  the 
neighbouring  hills  we  found  that  none  would  at  all  interfere  with  our  view  of  the  Sun 
on  the  morning  of  the  eclipse.  Chapeau  Carre  being  sufficiently  remote  from  the  East 
point,  and  the  others  still  more  so  ;  and,  as  everything  else  was  as  favourable  as  we 
could  expect,  we  fixed  upon  this  ridge  as  our  station  of  observation.  The  following 
bearings  of  some  of  the  chief  objects  in  view  serve  to  fix  our  position  very  accurately. 
The  observations  were  made  by  Mr.  Maunder,  the  angles  being  reckoned  from  the 
true  North,  through  East  ; — West  end  of  Sandy  Island  2°‘5,  Chapeau  Carre  43°’2, 
Eclipse  Peak  86°‘0,  centre  of  Frigate  Island  168°’3,  peak  at  entrance  to  Tyrrel  Bay, 
N.  side,  329°'5. 

The  site  chosen  for  our  huts  was  at  the  summit  of  the  ridge,  about  300  yards  from 
“  The  Hermitage,”  and  towards  the  ENE.  The  ground  in  the  immediate  vicinity 
was  fairly  level,  and  the  foundations  for  the  equatorials  excellent.  A  number  of 
labourers  and  a  bullock-cart  were  hired  for  the  following  day,  and  soon  after  daybreak 
the  men  of  H.M.S.  “Bullfrog”  began  to  land  our  heavy  packages  on  the  sandy  beach. 
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The  native  workmen  carried  some  of  the  llg’hter  pieces  to  the  top  of  the  ridge  as  soon 
as  they  were  landed,  but  most  of  the  instruments  had  to  be  placed  on  the  bullock- 
cart  and  dragged  up  the  steep,  rough  road  at  great  cost  of  time  and  labour,  the  men 
aiding  the  bullocks  when  necessary.  The  ship’s  carpenter,  with  a  shore  party  of 
seamen  and  marines,  was  soon  at  work  clearing  the  ground  and  erecting  the  observing 
huts,  and  these  had  to  be  fixed  rather  firmly  in  the  ground,  in  order  to  resist  the 
storms  of  wind  so  violent  in  these  islands.  The  dwelling  of  Mr.  Drummond,  thanks 
to  his  self-sacrifice,  afforded  excellent  accommodation  for  the  two  astronomers  and  for 
Lieutenant  Helby  ;  but  the  incessant  attacks  of  the  gallinippers,  which  brought  on 
an  incipient  fever,  rendered  it  necessary  for  Mr.  Maunder  to  sleep  on  board  H.M.S. 
“  Bullfrog  ”  during  our  stay  at  the  island.  A  small  cottage,  consisting  of  two  rooms, 
and  situated  close  to  the  main  dwelling,  was  also  placed  at  our  disposal.  One  of  the 
rooms  served  to  keep  our  packages  dry,  and  the  other,  at  the  expense  of  the  sailroom 
of  the  gunboat,  was  excellently  fitted  up  as  a  developing  room  for  photography.  A 
bed  of  concrete  was  laid  in  one  of  the  observing  huts  for  the  photoheliograph  of  Mr. 
Maunder,  and  concrete  was  also  used  to  fix  firmly  in  position  the  legs  of  the  strongly- 
built  tripods  on  which  stood  the  equatorials  of  Jones  and  Alvan  Clark.  The 
landing  of  the  instruments  commenced  on  the  17th,  thus  leaving  twelve  days  before 
the  eclipse  for  the  erection  of  huts  and  instruments  and  for  all  necessary  preparations. 
The  exact  bearing  of  the  polar  axes  of  the  equatorials  was  determined  by  observations 
of  Polaris  and  of  S  Ursse  Minoris,  and  we  were  ready  on  Monday,  the  23rd,  to 
commence  the  testing  of  our  instruments.  The  Simms  transit-theodolite  from  Stony- 
hurst  Observatory  was  of  great  use  for  observing  altitudes  of  the  Sun  by  which  to 
rate  our  chronometers,  and  also  for  determining  the  positions  of  the  disks  erected  to 
obscure  the  inner  corona  for  those  who  had  undertaken  to  make  sketches  of  the 
outlying  streamers  during  totality.  These  disks  were  fixed  firmly  on  the  top  of  each 
hut,  with  sight-holes  on  uprights  placed  at  a  convenient  distance  on  the  side  opposite 
the  rising  Sun.  Captain  Masterman  and  Paymaster  Osburn  kindly  volunteered  to 
observe  and  sketch  these  faint,  delicate  objects. 

In  the  course  of  the  morning  of  the  23rd  Father  Perry  adjusted  the  grating  of  his 
spectroscope,  and  obtained  a  very  perfect  spectrum.  H.M.S.  “Fantome”  arrived  the 
same  day  from  Grenada,  and  we  learnt  from  Captain  Archer  that  Mr.  Lockyer 
had  just  established  himself  at  Green  Island,  the  station  appointed  at  first  for 
Mr.  Maunder. 

On  the  24th  the  weather  in  the  early  morning  was  all  that  could  be  desired,  and 
the  Sun  could  have  been  observed  under  the  most  favourable  circumstances  had  the 
eclipse  occurred  on  that  day,  although  later  in  the  morning  there  was  a  succession  of 
heavy  showers. 

The  detailed  plan  for  the  morning  of  the  eclipse  was  definitively  settled  on  the  25th, 
the  assistants  were  chosen,  and  everything  made  ready  for  a  complete  rehearsal  on  the 
morrow.  The  plan  finally  adopted  was  the  following : — 
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1.  The  Jpnes  4-inch  equatorial,  provided  with  a  Hilger  solar  prism  and  power  of 
110,  was  destined  for  observations  of  first  and  last  contacts;  but,  as  it  was  raining 
heavily  both  at  the  beginning  and  at  the  end  of  the  eclipse,  this  notice  of  the  prepara¬ 
tion  for  contact  observations  will  amply  suffice. 

2.  After  contact,  the  solar  prism  was  to  be  dismounted,  and  a  large  direct-vision 
spectroscope  by  Browning  substituted  in  its  place,  to  be  used  during  totality  as  an 
analysing  instrument  by  Lieutenant  Pascoe,  R.N.,  assisted  by  Dr.  Archer. 

3.  Dr.  Wright,  R.N.,  had  charge  of  the  Hilger  direct-vision  spectroscope,  mounted 
on  its  own  stand,  and  to  be  used  as  an  integratiim  instrument.  The  observations 
with  this  spectroscope,  and  also  those  undertaken  by  Lieutenant  Pascoe,  were 
intended  to  supplement  any  results  obtained  with  the  grating  attached  to  the 
5^ -inch  Alvan  Clark  equatorial. 

4.  Mr.  Maunder’s  work  with  the  photoheliograph  and  spectroscopic  cameras, 
which  will  form  the  subject  of  a  separate  report. 

5.  Drawings  of  the  streamers  of  the  outer  corona,  to  be  made  with  the  aid  of  disks 
obscuring  the  inner  corona.  The  sketches  of  Captain  Masterman,  R.IST.,  and  of 
Paymaster  Osburn,  R.N.,  will  be  appended  to  this  report,  with  their  own  remarks 
explanatory  of  the  nature  of  the  results  obtained. 

6.  Spectroscopic  observations  with  a  Howland  grating  attached  to  the  5-g-inch 
Alvan  Clark  equatorial.  The  telescope  to  be  pointed  by  Lieutenant  Helby,  and 
the  readings  taken  by  Father  Perry. 

This  equatorial  of  Alvan  Clark  was  the  instrument  used  by  the  Bev.  T.  Webb  in 
the  preparation  of  his  well-known  wmrk  on  “  Celestial  Objects.”  The  glass  was  one 
of  those  guaranteed  by  Mr.  Dawes,  and  it  would  be  difficult  to  surpass  it  in  excellence 
of  defining  power.  The  mounting  was  not  comparable  with  the  quality  of  the  glass, 
and  no  driving  clock  was  attached.  Mr.  Webb  used  only  a  slow  motion  in  B.A. ;  but, 
as  it  was  necessary  to  vary  the  position  of  the  slit  of  the  spectroscope  during  totality, 
in  order  to  place  it  successively  on  different  parts  of  the  corona,  it  became  imperative 
to  provide  a  slow  motion  for  N.P.D.  before  taking  the  instrument  to  the  West  Indies. 
This  addition  was  made  by  Cooke,  of  York,  and  he  also  arranged  the  clamps  so  that 
the  telescope  might  be  fixed  firmly  in  every  direction.  The  absence  of  clockwork  to 
drive  the  instrument  made  it  necessary  to  have  an  assistant  to  point  the  telescope,  and 
therefore  Lieutenant  Helby,  of  H.M.S.  “  Sparrowhawk,”  was  chosen  for  this  work. 
The  grating  used  with  this  equatorial  was  kindly  lent  by  the  authorities  of  South 
Kensington ;  but  a  direct-vision  spectroscope,  constructed  by  Hilger,  was  also 
provided,  by  which  an  equal  dispersion  could  be  obtained,  and  which  might  replace 
the  grating  in  case  of  accident.  The  plate  of  the  grating  was  polished  and  figured  by 
J.  A.  Brashear,  and  the  parallel  lines,  14,438  to  the  inch,  were  ruled  on  Professor 
Rowland’s  engine  at  Baltimore  in  1884.  The  plate  was  mounted  b}^  Hilger  on  a 
student’s  spectrometer  belonging  to  Stonyhurst.  The  combination  answered  very 
well,  and  gave  little  trouble  in  the  adjustments. 
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The  work  expected  from  this  instrument  by  the  Committee  of  the  Ptoyal  Society 
was  an  examination  of  the  spectrum  of  the  inner  corona  immediately  before  and  after 
totality,  and  a  search  for  the  bands  of  carbon  during  totality.  The  observations 
before  and  after  totality  were  to  serve  as  a  test  of  the  accuracy  of  Mr.  Lockter’s 
theory  concerning  the  concentric  layers  of  the  solar  atmosphere,  in  which  selective 
absorption  is  supposed  to  take  place.  It  is  important  to  know  whether  nearly  the 
whole  of  the  Fraunhofer  lines  are  produced  in  the  layer  observed  by  Professor  Young 
close  to  the  photosphere  in  1870,  or  whether  they  are  due  to  the  combined  absorptive 
action  of  successive  layers,  each  producing  its  own  characteristic  lines.  If  the  latter 
hypothesis  be  the  true  one,  then  the  layei’S  nearer  the  Sun’s  centre,  being  hotter  than 
those  outside  them,  should  produce  brighter  lines.  These,  therefore,  -would  be  the 
first  to  come  into  view  as  the  eclipse  approaches  totality,  and  they  would  also  be  the 
most  enduring  after  totality.  Belonging,  as  they  are  supposed  to  do,  to  the  inner 
layer,  they  should  be  short  and  bright,  and  not  increase  in  length,  but  only  in  relative 
intensity,  as  the  darkness  became  greater.  The  other  lines,  belonging  to  layers 
farther  removed  fi’om  the  Sun’s  centre,  would  be  invisible  at  first,  owing  to  their  want 
of  intensity,  but  they  would  gradually  come  into  view  as  the  darkness  increased,  and 
always  appear  less  brilliant  and  longer  than  those  which  preceded  them.  Immediately 
after  totality  the  previous  order  would  be,  of  course,  reversed,  the  longest  lines, 
which  are  also  the  faintest,  disappearing  first,  and  then  the  others,  according  to  their 
length,  leaving  the  shortest  and  brightest  in  view,  until  even  these  are  at  last  over¬ 
powered  by  the  returning  light  of  the  photosphere.  In  1882  the  Egyptian  observa¬ 
tions  had  favoured  this  theory,  and  Mr.  Turner  was  asked  to  repeat  in  1886  the 
observations  previously  made  in  the  F.  region,  wdiilst  Father  Perry  watched  the  same 
phenomena  in  the  region  on  the  less  refrangible  side  of  h.  Tlie  plan  adopted  at  Carriacou 
w’as  that  Lieutenant  Helby  should  keep  the  slit  of  the  spectroscope  radial  on  the 
centre  of  the  solar  crescent  for  eight  minutes  both  before  and  after  totality,  whilst 
Father  Perry  watched  the  changes  in  the  bright  line  spectrum  of  the  inner  corona. 
To  enable  the  assistant  to  point  the  telescope  wuth  very  great  accuracy,  a  cap  with  a 
white  enamelled  surface  haxi  been  closely  fitted  to  the  slit,  and  on  this  cap  two  sets 
of  parallel  lines  at  right  angles  to  each  other  had  been  most  carefully  ruled,  the 
distances  between  the  lines  being  one-tenth  of  the  projected  diameter  of  the  solar 
disk.  The  cap  could  be  fixed  only  in  one  position,  so  there  was  no  possible  chinger  of 
one  set  of  lines  not  being  in  exactly  the  same  direction  as  the  slit,  and  still  less  of  the 
slit  being  partially  covered.  A  clear  image  of  any  visible  corona  was  thus  secured, 
and  the  assistant  could  see  perfectly  whether  the  required  portion  of  the  image  fell 
upon  the  slit. 

The  remaining  work  expected  from  this  instrument  was  a  search  during  totality  for 
the  two  principal  bands  of  the  carbon  spectrum.  In  1883  Professor  Tacchini  had 
thought  he  glimpsed  the  carbon  bands,  and  some  few  previous  obseiwations  rendered 
their  existence  in  the  coronal  spectrum  not  improbable.  It  was  evidently  of  very 
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great  importance  to  test  thoronglily  so  interesting  a  fact,  and  Professor  Tacchtxi 
joined  the  British  Expedition  at  Southampton  with  the  mtention  of  placing,  if 
possible,  this  question  beyond  the  region  of  doubt.  The  instructions  to  Lieutenant 
ITelby  were  to  place  the  slit  of  the  spectroscope  exactly  on  the  inner  edge  of  the 
corona  at  the  commencement  of  totality,  and  then  to  move  it  successively  to  distance 
OT,  0*2,  0’3,  0’4,  and  0‘5  of  a  diameter  from  the  dark  surface  of  the  Moon,  repeating 
afterwards  at  the  Sun’s  pole  what  first  was  done  near  his  equator.  To  avoid  rotating 
the  spectroscope,  the  slit  w^as  placed  radial  at  the  solar  equator,  and  tangential  at  the 
poles.  The  same  portion  of  the  spectrum  remained  always  in  the  field  of  view  during 
the  whole  of  the  observations,  and  embraced  rather  more  than  the  distance  from 
W.L.  5600  to  h,  comprising,  therefore,  the  positions  of  the  two  principal  bands  of  the 
carbon.  To  fix  accurately  the  place  of  any  lines  visible,  photographs  of  the  solar 
lines  in  the  portion  of  the  spectrum  required  had  been  taken  at  Stonyhurst  on  plates 
stained  with  eocine,  and  on  others  kindly  sent  by  Captain  Abnev^,  Pt.E.  As  these  did 
not  come  out  distinct  enough  to  use  safely  with  a  feeble  illumination,  a  number  of  the 
jDrincipal  lines  in  the  field  of  view  were  measured  with  a  micrometer,  and  then 
mapped  on  a  large  scale  and  reduced  photographically  to  the  scale  required.  Trans¬ 
parent  scales  graduated  to  tenths  of  millimetres  were  also  prepared,  so  as  to  be  ready 
for  any  change  that  might  be  recpiired. 

On  August  the  26th,  between  6  and  7.15  A.M..  we  had  the  first  all-round  practice 
with  every  instrument  in  position,  with  all  hands  on  shore  who  were  to  take  part  in  the 
observations  on  the  29th,  and  each  thing  done  just  as  if  the  eclipse  had  been  taking 
place.  The  time  was  called  every  ten  seconds  by  Bobert  Smith,  A.B.,  coxswain  of 
tlie  captain’s  cutter,  in  a  loud  and  distinct  tone,  that  could  be  heard  easily  by  all  present. 
John  Collum,  signalman  of  H.M.S.  “  Bullfrog,”  and  other  reliable  seamen,  noted 
down  the  observations  as  these  were  called  out,  and  afiixed  the  corresponding  times. 
All  was  found  to  work  wmll,  and  not  a  few  useful  lessons  were  learnt  for  the  mornino- 
of  the  29th.  Later  on  in  the  day,  whilst  observing  with  the  grating,  I  found  the. 
heat  so  intense  that  I  was  forced  to  leave  the  instrument  for  a  time  and  retire  to  the 
house.  On  my  return  I  perceived  at  once  that  some  inquisitive  looker-on  had  been 
gently  feeling  the  grating  with  his  greasy  finger,  probably  to  ascertain  its  degree  of 
smoothness.  My  dismay  at  first  was  great,  as  I  was  afraid  I  might  have  been  obliged 
to  abandon  the  grating  in  favour  of  the  Hilger  direct-vision  prisms,  with  which  I  had 
supplied  myself  in  case  of  accident.  I  removed  part  of  the  roof  of  my  observing  hut, 
in  order  to  test  the  grating  thoi’oughly,  and  I  was  satisfied  at  last  that  the  spectrum 
showed  no  signs  of  being  in  the  least  affected  by  the  stain  left  by  the  finger  on 
the  surface  of  the  ruled  metallic  plate.  I  resolved,  therefore,  to  retain  the  grating  ; 
but,  finding  that  the  second  order  of  spectrum  with  a  power  of  4  gave  a  more  brilliant 
picture  than  the  first  order  with  the  power  of  6^,  I  made  up  my  mind  to  adopt  the 
second  order  for  the  clay  of  the  eclijjse,  although  this  necessitated  the  sacrifice  of  the 
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photograplis  of  the  solar  lines,  which  had  to  be  replaced  by  a  scale  divided  in  tenths 
of  millimetres. 

The  early  morning  of  the  27th  was  cloudy  and  showery,  and  all  practice  impossible 
at  the  eclipse  hour,  but  the  Sun  was  observed  later  on  in  the  day,  and  the  position  ot 
the  various  points  of  the  limb  accurately  determined  for  all  circumstances  that  might 
arise  in  the  use  of  direct  or  inverted  images,  of  solar  prisms,  or  of  projections. 

On  August  the  28th  the  sky  was  quite  clear  an  hour  before  sunrise,  and,  observing 
the  Sun  at  the  time  when  first  contact  was  to  take  place  on  the  morrow,  I  found  the 
definition  very  good,  but  the  low  altitude  made  the  limb  somewhat  unsteady.  I  was 
then  using  the  power  of  110  on  the  Jones  4-inch  equatorial.  Changing  my  instru¬ 
ment,  I  then  took  a  number  of  readings  of  the  solar  lines,  using  the  first  and  second 
orders  of  the  spectrum  with  the  powers  of  6^  and  4  respectively.  As  I  again  found 
the  second  order  with  power  4  to  be  much  more  distinct  than  the  other  combination, 
I  resolved  to  adhere  to  my  intention  of  adopting  the  second  order  for  any  observa¬ 
tions  on  the  morrow. 

At  2  A.M.  on  the  20th,  the  morning  of  the  eclipse,  not  a  cloud  was  to  be  seen,  and 
at  4  A.M.  the  stars  were  still  shining  brightly  in  every  dii’ection,  although  a  slight 
breeze  had  sprung  up  from  the  South.  The  wind  then  shifted  gradually  towards  the 
East,  and  at  5  A.M.  clouds  were  fast  beginning  to  appear.  Soon  it  became  but  too 
evident  that  rain  was  falling  at  no  great  distance  to  the  North-East  of  our  station,  and 
heavy  clouds  began  to  show  themselves  in  the  direction  of  the  lising  Sun.  External 
contact  took'  place  in  the  midst  of  rain,  and  the  first  glimpse  of  the  Moon  was 
obtained  through  the  Jones  equatorial  when  one-third  of  the  Sun’s  surface  was 
already  obscured.  The  clouds  then  cleared  off  rapidly,  and  we  could  safely  uncover 
our  larger  instruments.  The  sky,  however,  remained  only  fairly  good  until  the  near 
approach  of  totality.  This  was  particularly  unfortunate,  as  the  interval  between  first 
contact  and  totaliiw  would  have  been  most  valuable  for  testing  the  more  delicate 
adjustments  of  our  instruments,  and  for  preliminary  observations. 

As  soon  as  the  Sun’s  image  could  be  seen  upon  the  cap  of  the  slit.  Lieutenant 
Helby  placed  the  centre  of  the  radial  slit  on  the  middle  of  the  outer  arc  of  the  solar 
crescent,  and  kept  it  there  as  steadily  as  possible  ;  but  no  bright  lines  came  into  view 
between  W.L.  5600  and  h  until  one  minute  before  totality,  when  the  first  line  seen 
was  1474  K.,  which  stood  out  very  brightly,  and  then  followed  almost  immediately  a 
number  of  bright  lines  close  by  h,  on  the  less  refrangible  side.  I  estimated  their 
number  at  about  fifteen.  They  seemed  to  be  of  different  lengths,  but  I  did  not  see 
them  long  enough  to  judge  of  their  relative  intensities.  The  height  to  which 
1474  K.  extended  from  the  photosphere  might  be  about  8'  of  arc.  The  exact  position 
of  this  line  and  the  general  position  of  the  group  were  fixed  by  the  lines  of  the  solar 
spectrum,  which  had  been  under  my  eye  for  some  time  previous.  I  never  moved  the 
grating,  or  the  viewing  telescope,  during  tlie  observations,  so  that  everything  was  in 
excellent  adjustment  the  whole  time,  and  the  field  of  view  was  well  known.  The 
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captain’s  coxswain  was  counting  the  time  aloud  during  the  whole  of  totality,  the 
seconds  beinof  taken  from  Mr.  Maunder’s  clock. 

When  totality  commenced,  the  slit  of  the  spectroscope  was  radial  on  the  inner 
edge  of  the  corona,  near  the  centre  of  the  line  where  the  thin  crescent  had  just  been 
visible;  no  carbon  bands  could  be  perceived.  The  slit  was  then  moved  successiv^ely to 
distances  Od,  0’2,  0'3,  Od  and  0'5  of  a  solar  diameter  from  the  Moon's  dark  limb  as 
190^  180h  I70h  IGO,®  and  150®  were  called  by  the  coxswain.  All  this  time  I  kept 
my  eye  steadily  at  the  viewing  telescope,  but  could  see  nothing  of  the  carbon  bands. 
The  slit  was  then  moved  to  the  vicinity  of  one  of  the  Sun’s  poles,  and  placed 
tangentially  on  the  inner  edge  of  the  corona  at  130®  before  the  end  of  totality. 
Afterwards  it  was  gradually  shifted  away  from  the  Moon’s  limb,  the  distances  being 
0‘1,  0'2,  0'4,  and  0‘5  of  a  diameter,  at  120®,  110®,  100®,  and  90®  respectively,  and  in 
none  of  these  positions  conld  I  catch  the  slightest  trace  of  the  bands  of  carbon. 

Thinking  it  hopeless  to  continue  any  longer  the  search  for  carbon,  and  wishing  to 
be  prepared  in  good  time  for  the  observation  of  the  bright  lines  at  the  end  of  totality, 
I  asked  Lieutenant  Helby  to  place  the  slit  at  once  radial  at  the  point  of  re-appearance 
of  the  photosphere.  Whilst  this  was  being  done,  I  took  up  a  powerful  binocular, 
which  I  had  placed  for  this  purpose  close  at  hand,  and  view'ed  for  a  moment  the 
eclipsed  Sun.  The  upper  rays  on  the  western  limb,  to  the  right  and  left  of  the 
vertical  line,  were  by  far  the  longest  streamers,  and  were  situated  almost  at  right 
angles  to  each  other,  a  third,  Imt  shorter,  ray  appearing  between  them  to  the  left  of 
the  vertical  diameter.  These  rays  were  all  well  defined,  and  the  one  most  to  the 
North  of  West  was  curved  on  both  sides  like  a  leaf  On  the  Eastern,  or  lower,  limb 
the  rays  were  irregular  and  less  extended  tlian  in  the  West.  I  did  not  notice  any 
rays  near  the  poles,  but  my  view  was  scarcely  more  than  an  instantaneoirs  glance. 

At  this  moment  Lieutenant  Helby  lost  the  solar  imao-e  from  an  irreoular  move- 

O  O 

ment  of  the  telescope,  but  I  vms  able  to  recover  it  almost  immediately.  Whilst  thus 
replacing  the  Sun  upon  the  slit,  I  obtained  a  hasty  view  of  the  corona  upon  the 
white  enamelled  cap,  and  this  picture  far  surpassed  in  beauty  anything  I  had  seen 
before,  although  my  binocular  is  an  excellent  instrument.  The  details  of  the 
streamers,  and  the  short  red  prominences,  were  exceedingly  well  defined,  showing  the 
splendid  qnality  of  the  Alvan  Clark  objectiv-e  and  the  purity  of  the  sky  at  the 
moment. 

When  the  coxswain  had  called  out  20®,  the  slit  being  radial  near  the  point  of 
re-appearance,  I  saw  a  large  number  of  lines  flash  out  in  my  limited  field  of  view  : 
there  might  have  been  fifty  altogether  between  W.L.  5600  and  h.  This  lasted  only  a 
very  short  time,  and  after  totality  no  lines  were  seen,  as  the  rising  wind  interfered 
considerably  with  the  steadiness  of  the  telescope,  and  in  a  few  minutes  we  were  again 
deluged  with  rain.  The  clarkne.'S  was  never  much  less  than  that  of  a  fair  moonlight 
night,  but  during  totality  the  light  was  not  equal  to  that  of  a  full  Moon  in  a  clear 
sky.  Heavy  rain  prevented  the  observation  of  last  contact. 
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Since  tlie  observations  were  taken  I  have  frequently  wished  that  my  equatorial 
had  been  supplied  with  clockwork,  which  would  have  enabled  me  to  dispense  with 
the  aid  of  an  assistant  for  fixing,  in  each  case,  the  position  of  the  slit.  I  have  not 
any  reason  to  doubt  but  that  the  gentleman  who  so  kindly  aided  me  on  this  occasion 
did  his  duty  as  perfectly  as  could  be  expected ;  but  it  is  not  such  an  easy  matter  for 
one  who  has  had  only  a  few  days’  acquaintance  with  the  slow-motion  rods  of  an 
equatorial  to  keep  the  slit  of  a  spectroscope  on  any  precise  point  of  a  celestial  object. 
The  strength  of  the  wind  and  the  imperfections  of  the  slow-motion  rods  added  in 
the  present  instance  to  the  difficulty  of  following  the  Sun  exactly  with  the  R.A.  rod, 
and  of  changing  the  N.P.D.  as  required.  I  am  forced  to  the  conclusion  that  the  time 
lost  by  the  unaided  observer  in  placing  the  slit  of  his  spectroscope  would  be  more 
than  compensated  by  the  security  he  would  feel,  that  he  was  viewing  exactly  the 
desired  point  of  the  object.  Without  clockwork  this  is  not  practicable  ;  but  I  should 
never  think  of  again  attempting  eye  observations  with  a  spectroscope  during  a  total 
eclipse  without  a  clock  to  drive  my  ec[uatorial,  and  then,  if  a  grating  was  used,  I 
should  certainly  dispense  with  any  assistant  at  the  telescope. 

The  two  main  questions  to  be  answered  by  the  spectroscopic  observations  at 
Carriacou  were  :  (1.)  Does  the  absorption,  which  produces  the  Fraunhofer  lines,  take 
place  mainly  in  a  single  layer  of  the  solar  atmosphere,  or  in  concentric  layers  ? 
(2.)  Does  carbon  exist  in  the  corona  ?  As  far  as  the  above  results  may  afford  any 
satisfactory  evidence  on  these  two  points,  I  should  be  inclined  to  say  that  the 
difference  in  the  length  of  the  lines  observed  before  totality  on  the  less  refrangible 
side  of  h  seems  somewhat  to  strengthen  the  view  that  the  absorption  takes  place  in 
concentric  layers.  And  the  search  for  carbon  tells  us  that,  if  present,  its  spectrum 
was  not  strong  enough  in  1886  to  make  any  appreciable  effect  upon  the  retina,  when 
the  eclipsed  Sun  was  viewed  through  so  powerful  a  diffraction  spectroscope  as  that 
used  a.t  the  island  of  Carriacou.  It  may,  perhaps,  be  established,  b}^  later  observa¬ 
tions,  that  the  intensity  of  the  carbon  spectrum  varies  in  each  eclipse,  and  may  have 
some  direct  connection  with  the  amount  of  solar  activity. 

I  should  mention  in  conclusion  that  the  diameter  of  the  solar  imao;'e  on  the  slit 
plate  of  my  spectroscope  was  20  millimetres,  the  width  of  slit  used  jorn 
its  effective  length  The  dispersion  was  sufficient  to  enable  me  to  see  bg  and  6^, 

very  distinctly  separated. 

Subjoined  are  the  Sketches  of  the  Coronal  Streamers  with  explanatory  notes  by 
Lieutenant  Commander  J.  Masterman,  R.N.  (Plate  11),  and  Mr.  F.  W.  Osburn, 
KN.  (p.  362). 
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Notes  on  the  Solar  Eclipse  of  2^th  August,  1886,  observed  at  Carriacou. 

H.M.S.  “Bullfrog,”  under  my  command,  was  ordered  to  convey  the  northern 
division  of  the  expedition  for  observing  the  eclipse  to  Carriacou,  an  island  about 
twenty  miles  'N.W.  of  Grenada,  and  render  what  assistance  she  could  ;  I  and  all  the 
other  officers  of  the  ship  offered  our  services  for  tlie  observations,  which  were  accepted. 

On  arriving  at  Carriacou,  on  the  14th  August,  we  were  cordially  welcomed  by  Mr. 
ItOCHE  (the  magistrate),  and  hospitably  entertained  by  Mr.  Drummond,  the  owner  of 
the  property  on  which  we  selected  a  spot  to  erect  the  huts.  This  was  a  small  plateau, 
on  the  summit  of  a  steep  ridge  175  feet  above  the  level  of  the  sea.  The  sea  was  on 
each  side  of  the  ridge,  and  Mr.  Drummond’s  house  was  200  or  300  yards  off.  The 
beach  .in  the  bay  where  the  ship  anchored  was  very  suitable  for  landing  the  instru¬ 
ments. 

I  undertook  the  observation  of  one  of  the  disks  ;  it  v-as  mounted  on  the  hut  used 
by  Mr.  Maunder.  The  height  of  disk  above  eyepiece  w^as  11  feet  lOg- inches,  the 
angle  subtended  by  the  disk  being  72' ;  the  diameter  of  the  disk  was  9  inches  ;  the 
cross-bar  was  1^  inch  thick  ;  the  uprights  were  1  inch  thick  ;  the  length  of  uprights 
was  2  feet  10^  inches  ;  the  horizontal  distance  of  the  eyepiece  from  the  disk  was 
33  feet  7  inches ;  the  apparent  diameter  of  the  disk  from  the  point  of  observation  was 
equal  to  2^  solar  diameters. 

On  the  26th  and  on  the  28th  I  practised  the  observations  under  as  nearly  as 
possible  the  same  conditions  that  M^e  should  be  under  on  the  day  of  the  eclipse.  I 
was  prevented  from  doing  so  on  the  27th  by  the  weather. 

The  hole  in  the  eyepiece  I  had  increased  to  ^  inch  diameter. 

At  10  minutes  before  totality  my  eyes  were  bandaged  wdth  a  thick  black  hand¬ 
kerchief,  without  any  pressure  on  the  eyeballs,  but  totally  excluding  the  light.  The 
bandage  being  taken  off  at  the  commencement  of  totality,  I  looked  through  the 
eyepiece,  but  found  the  adjustment  not  correct,  and  lost  some  time  in  correcting  it 
before  I  could  commence  my  observations. 

The  sketch  I  took  of  the  phenomenon,  as  I  saw  it,  together  with  a  copy  (which 
differs  only  in  being  a  little  more  finished  and  shaded  a  little  darker),  accompanies  this. 

•  The  first  things  that  caught  my  attention  -were  the  two  rays  of  light  marked  A 
and  B  ;  they  seemed  to  be  of  exactly  the  same  length,  and  en.ch  to  make  an  angle  of 
about  45^^  with  the  vertical,  in  length  1^  diameter  of  the  disk  from  the  disk,  or 
4  solar  diameters  from  the  Sun’s  periphery.  Tlie  next  thing  that  I  observed  was  the 
ray  that  I  have  marked  C,  very  bright,  but  small  and  partially  hidden  by  the  cross 
piece  ;  the  observed  extension  was  under  2  solar  diameters  from  the  Sun’s  limb.  The 
two  remaining  rays,  D  and  E,  on  the  Sun’s  eastern  limb,  v’ere  very  faint,  and  they 
seemed  to  fade  into  the  general  surrounding  light  instead  of  tapering  away  to  a  point, 
as  the  others  did. 


SOLAR  ECLIPSE  OP  AUGUST  29,  1886. 


:3G1 

At  the  end  of  the  observation  I  am  certain  that  B  was  considerably  longer  tlian  A, 
though,  as  I  said  before,  they  appeared  to  be  exactly  similar  at  first.  I  should  be 
inclined  to  attribute  this  to  the  fact  that  the  Sun  was  altering  a  little  in  azimutli, 
and  towards  the  end  of  the  observation  I  had  given  all  the  correction  that  the 
apparatus  admitted  of,  and  therefore  the  Sun  got  nearer  to  the  side  of  the  disk. 

I  found  that  the  Sun  altered  in  altitude  so  rapidly  that  it  was  difficult  to  keep 
pace  with  it  with  the  rough  arrangement  for  altering  the  elevation  of  the  eyepiece ; 
a  small  rack  and  pinion  would  have  been  a  great  boon. 

A  better  arrangement  for  making  coi'rection  in  azimuth  and  a  longer  range  would 
be  an  advantage. 

The  cross-piece,  inch  wide,  interfered  with  the  observation ;  a  thin  metal  rod 
or  stout  wire  would  have  been  better. 

I  observed  with  the  disk  until  the  last  moments  of  totality,  and  only  just  looked 
off  in  time  to  see  the  burst  of  bright  light  at  the  second  internal  contact.  I  at  once 
made  the  (original)  sketch  which  I  send,  and  saw  nothing  of  any  other  phenomena, 
as,  two  minutes  after,  everything  was  obscured  in  clouds  and  we  were  in  a  drenching 
rain. 

I  had  the  tides  both  before  and  after  the  eclipse  measured,  and  found  the  rise  and 
fall  was  normal,  18  inches. 


J.  Masterman, 

Lieutenant  Commander,  H.M.S.  “Bullfrog.” 


Grenada,  September,  1886. 


Notes  descriptive  of  Drawcvg  (Plate  11)  by  Lieutenant  J.  Masterman. 

A  and  B. — Very  distinct,  especially  B.  They  each  formed  an  angle  of  45°  with  the  vertical. 
B  appeared  to  increase  in  length,  not  in  brilliance  ;  A  did  not. 

G- — Distinct,  but  small.  I  could  not  detect  any  sign  of  C  above  the  batten,  though,  if  the  upper  edge 
had  been  inclined  to  tbe  horizontal  at  the  same  angle  as  the  lower  edge  was,  I  think  1  must  have  done  so. 

D  and  E. — Very  faint  indeed,  merging  into  the  luminosity  which  was  faintly  apparent  between  all  the 
shoots  of  light ;  but,  faint  as  this  luminosity  was,  it  had  a  distinct  definition,  which  bad  tbe  appearance 
of  going  about  the  points  of  the  shoots. 

Copy  of  sketch  of  the  phenomenon  as  observed  by  me  with  one  of  the  disks  mounted  on  the  roof  of  a 
hut. 

Dimensions: — Disk,  9  inches  diameter;  cross  batten,  1|  inch;  upiight  battens  1  inch,  length 
2  feet  10|  inches. 

3  A 


MDCCCLXXXIX,  — A. 


J.  Masterman. 
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Drawing  by  Mr.  F.  W.  Osburn,  R.N.,  of  H.M.S.  “  Bullfrog.” 

Horizontal  distance  from  eyepiece  to  disk,  26  feet  10  indies  ;  heiglit  above  level  of  ejebole,  9  feet 
4  inches;  diameter  of  disk,  9  inches;  angular  diameter,  1°  31';  breadth  of  upright  batten,  1  inch; 
breadth  of  cross  batten,  1^  inch ;  height  of  disk  above  ridgeway  of  roof,  2  feet  10^  inches. 

Note. — At  the  commencement  of  totality,  when  my  eyes  were  first  unbandaged,  1  found,  on  looking 
through  the  eyepiece,  that  the  eclipsed  Sun  was  about  4  diameters  above  the  disk,  aud  some  time  was 
wasted  in  shifting  tlie  eyepiece  down  as  far  as  it  would  go,  when  the  Sun  and  corona  w'cre  just  covered 
by  the  disk  ;  but  before  totality  was  over,  the  corona  was  again  visible  over  the  top  of  the  disk. 


Marked  a. — Around  three  parts  of  the  disk  there  appeared  a  band  of  blight  light,  sharply  defined  and 
irregular  in  .shape,  its  broadest  part  on  the  right,  and  gradually  diminishing  until,  at  the  left  lower 
corner,  it  ceased  altogether. 

Marked  h. — Entirely  surrounding  the  disk  I  observed  an  irregularly  shaped  field  of  very  faint  light, 
standing  out  at  its  widest  part  nearly  1  diameter  beyond  the  disk. 

Into  the  field  above  mentioned  I  observed  two  very  faint  rays  extending,  one  towards  the  zenith  (but 
so  faint  as  to  be  hardly  disceiaiible),  and  the  other  to  the  right  of  the  disk  (which  I  saw  more  clearly), 
on  each  side  of  the  horizontal  support ;  these  rays  arc  marked  respectively  c  and  d.  They  appeared 
about  equal  in  length,  i.e.,  1  diameter  of  the  disk. 


Francis  W.  Osburn. 
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XL  On  the  Determination  of  the  Photometric  Intensity  of  the  Coronal  Light  (hiring 
the  Solar  Eclipse  of  August  28-29,  1886. 

By  Captain  W.  de  W.  Abney,  C.B.,  R.E.,  F.R.S.,  and  T.  E.  Thobpe,  Ph.D.,  E.R.S. 


Eeceived  February  7, — Read  February  14,  1889. 

Introduetion. 

Although  it  has  long  been  suspected  tliat  the  amount  of  light  emitted  by  the 
corona,  as  seen  at  various  Solar  Eclipses,  may  vary  witliin  comparatively  wide  limits, 
no  attempts  to  measure  its  intensity  appear  to  have  been  made  prior  to  the  Eclipse  of 
December  22,  1870.  On  that  occasion  Professor  Pickering  employed  an  arrange¬ 
ment  constructed  on  the  principle  of  Bunsen’s  photometer.  It  consisted  of  a  box 
9  inches  wide,  18  inches  high,  and  6  feet  long,  within  which  a  standard  candle  could 
be  moved  backwards  and  forwards  by  means  of  a  rod.  One  end  of  the  box  was 
covered  with  a  piece  of  thin  white  paper,  on  which  was  a  greased  spot  about  half  an 
inch  in  diameter.  The  box  was  adjusted  so  that  the  rays  from  the  corona  were 
normal  to  the  plane  of  the  paper,  and  the  lighted  candle  was  moved  backwards  and 
forwards  within  the  box  until  tire  grease-spot  was  no  longer  visible.  From  a  number 
of  observations  made  during  the  period  of  totality  of  this  eclipse,  Mr.  Waldo  0.  Ptoss, 
acting  under  Mr.  Pickering’s  direction,  found  that  the  standard  candle  had  to  bo 
placed  at  distances  varying  from  14  "4  to  21  inches  from  the  paper  liefore  the  visibility 
of  the  greased  sjiot  was  reduced  to  a  minimum.  (‘  U.S.  Coast  Survey  Reports,’  1870, 
p.  172.)  The  observations  were  much  interrupted  by  clouds,  and  are  also  probably 
affected  by  irregularities  in  the  rate  of  the  burning  of  the  candle.  The  mean  of  all  the 
readings  was  18 '5  inches  :  hence  the  light  of  the  corona  in  1870  was  apparently  equal 
to  0’42  of  a  standard  candle  at  a  distance  of  1  foot. 

A  precisely  similar  arrangement  was  used  by  Dr.  J.  C.  Smith  during  the  Solar 
Eclipse  of  July  29,  1  878.  Dr.  Smith,  observing  at  Virginia  City,  Montana,  U.S., 
found  from  eight  observations  that  the  candle  had  to  be  placed  at  a  distance  of 
51|-  inches  from  the  screen  before  the  minimum  of  visibility  of  the  greased  spot  was 
obtained. 

During  the  same  eclipse.  Professor  John  W.  Langley  made  observations  on  the 
intensity  of  the  coronal  light  as  seen  from  the  summit  of  Pike’s  Peak,  Colorado,  by 
means  of  a  photometric  arrangement  suggested  by  Professor  S.  P.  Langley,  and 
intended  to  measure  the  relative  distribution  of  light  in  the  corona.  The  idea  was, 
first,  to  draw  an  outline  of  the  corona ;  second,  to  measure  the  light  of  the  corona  at 

8a2  9.11. so. 
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several  points  along  a  solar  radius  extended  to  the  outer  limits  of  visibility  ;  and 
third,  to  draw  one  or  more  iso-photal  lines  which  should  give  the  contour  of  the 
corona  for  varying  degrees  of  illuminating  power.  The  method  was  to  project  the 
image  of  the  corona  upon  the  screen  of  a  Bunsen’s  photometer  in  wdiich  glass  ground 
to  slight  opacity  replaced  the  greased  paper ;  and  instead  of  one  translucent  spot 
there  was  a  large  number,  in  order  that  several  hundred  samples  of  coronal  light 
taken  from  different  portions  of  its  surface  might  be  observed  simultaneously,  and 
compared  with  the  standard  light  by  drawing  iso-photal  contour  lines. 

In  the  apparatus  as  finally  arranged  the  screen  consisted  of  a  piece  of  perforated 
cardboard  covered  by  a  sheet  of  oiled  paper.  A  number  of  translucent  spots  separated 
by  opaque  interspaces  was  thus  obtained,  the  spots  being  sufficiently  close  together  to 
allow  the  projected  image  to  be  seen  with  but  little  loss  of  distinctness.  The  light 
from  the  corona  was  reflected  from  a  heliostat  and  transmitted  through  a  photographic 
lens  of  long  focus,  the  ajDerture  of  which  could  Ije  diminished,  if  required,  by  means  of 
a  cat’s-eye  diaphragm,  and  passed  down  a  dark  chamber  about  41  feet  in  length,  at 
the  end  of  whicli  was  a  box  carrying  the  screen  and  standard  candles.  Within  the 
box  was  a  railway,  on  which  ran  a  wagon  mounted  on  brass  wdieels  and  bearing  the 
lighted  candle,  the  distance  of  which  from  the  screen  was  recorded  on  a  wooden  rod 
placed  immediately  in  front  of  the  observer.  The  whole  apparatus  stood  on  four 
piers,  and  it  was  so  arranged  that  any  vibration  caused  by  wind  should  not  be 
communicated  to  the  lens  producing  the  coronal  image.  The  focal  length  of  the  lens 
was  11’27  metres  ;  and  the  diameter  of  the  solar  focal  image  was  *104  metre. 

The  corona  as  actually  observed  was  excessively  faint,  and  could  only  be  seen  to  an 
extent  of  less  than  1'  from  the  Moon’s  edge.  The  coronal  light  was  so  feeble  that  it 
was  found  impossible  to  measure  its  intensity  at  several  points  along  an  extended  radius. 

From  his  observations  Professor  Langley  concludes  that  the  light  from  the  corona 
at  1'  from  the  limb  of  the  Moon  was  equal  to  that  of  the  standard  candle  at  a  distance 
of  1  metre.  From  the  photometric  value  of  the  candle  as  compared  with  diffused 
sunlight,  Langley  further  found  that  the  intensity  of  the  coronal  light  about  1'  from 
the  limb  of  the  Moon  was  •0000132  of  that  of  mean  sunlight;  at  3'  from  the  limb  it 
was  ’0000000244.  Assuming  the  intensity  of  mean  sunlight  to  be  500,000  times - 
greater  than  that  of  moonliglit,  the  corona  at  1'  from  the  Moon’s  limb  was  six  times 
the  intrinsic  brightness  of  the  Moon  ;  at  3'  it  was  but  one-tenth  the  intrinsic  bright¬ 
ness  of  the  Moon.  (Professor  S.  P.  Langley’s  Pteport,  p.  211,  ‘Washington  Obser¬ 
vations’  for  1876,  Appendix  III.) 

The  photometric  observations  made  during  the  1878  Eclipse  have  also  been  discussed 
by  Professor  W.  Harkness,  of  the  United  States  Naval  Observatory  (loc.  cit.,  p.  386). 
Combining  the  observations,  he  concludes  that  the  total  light  of  the  corona  was  ‘072 
of  that  of  a  standard  candle  at  1  foot  distance,  or  3 '8  times  that  of  the  full  Moon,  or 
'0000069  of  that  of  the  Sun.  It  further  ajDpears  from  the  photographs  that  the 
coronal  light  varied  inversely  as  the  square  of  the  distance  from  the  Sun’s  limb. 
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Probably  the  brightest  part  of  the  corona  was  about  15  times  brighter  than  the 
surface  of  the  full  Moon,  or  37,000  times  fainter  than  the  surface  of  the  Sun. 

It  would  further  seem  that  the  corona  of  December  22,  1870,  was  7^  times  brighter 
than  that  of  July  29,  1878. 


Description  of  Methods  Adopted  ditring  the  Eclipse  of  August  28-29,  1886. 

The  instruments  used  by  us  for  the  measurement  of  the  coronal  light  on  this 
occasion  were  three  in  number.  The  first  was  constructed  to  measure  the  comparative 
brightness  of  the  corona  at  different  distances  from  the  Moon’s  limb.  The  second  was 
designed  to  measure  the  total  brightness  of  the  corona,  excliuling  as  far  as  possible 
the  sky  effect.  The  third  was  intended  to  measure  the  brightness  of  the  corona, 
together  with  the  brightness  of  the  sky  in  the  direction  of  the  eclipsed  Sun. 

In  a  paper  by  one  of  us,  in  conjunction  with  General  Festing,*  it  was  shown  that 
light  of  any  colour  can  be  measured  for  luminosity  in  terms  of  light  of  any  other 
colour,  provided  always  that  the  last-named  light  can  be  rapidly  altered  in  intensity, 
so  that  at  one  time  it  is  evidently  below  the  intensity  of  the  light  to  be  compared, 
and  immediately  afterwards  that  it  is  evidently  above  it.  The  oscillations  of  the 
intensity,  if  then  gradually  diminished,  finally  give  the  value  of  the  coloured  light  in 
terms  of  the  luminosity  of  the  light  of  which  the  intensity  is  rapidly  changed. 

In  a  more  recent  papert  it  has  been  shown  that  the  light  of  a  glow  lamp  may  be 
used  for  measuring  the  intensity  of  any  other  light  by  making  a  rapid  change  in  the 
resistance  of  the  circuit.  In  the  photometric  measures  which  are  now  to  be  described 
this  plan  was  adopted  for  ascertaining  the  value  of  the  coronal  light  in  terms  of  a 
Siemens  unit.  Before  continuing  the  description  it  may  be  well  to  note  that  the 
Siemens  unit  is  very  nearly  0’8  of  a  standard  candle.  This  unit  has  the  advan¬ 
tages  that  the  area  of  the  burner  is  fixed ;  that  the  flame  used  in  the  photometric 
measures  can  always  be  made  of  exactly  the  same  height ;  that  the  thickness  and 
shape  of  the  flame  are  practically  invariable ;  that  the  material  producing  the  flame 
can  be  obtained  in  commerce  ;  and  that  any  slight  impurity  in  it  has  no  practical 
effect  on  the  value  of  the  light  emitted.  Neither  the  effect  of  the  temperature  at  the 
time  of  trial  nor  the  variation  due  to  difference  in  barometric  pressure  has  been 
thoroughly  tested,  but  there  are  presumably  but  slight  differences  due  to  these  causes. 
At  all  events,  there  is  nothing  to  prevent  its  employment  for  the  object  we  had  in 
view.  One  experiment  may,  however,  be  quoted  as  regards  the  luminosity  of  the 
flame  when  the  temperature  was  varied  some  20°.  The  lamp  was  carefully  adjusted 
so  that  the  tip  of  the  flame  just  touched  the  gauge  supplied  with  the  instrument,  and 
its  value  taken  against  the  glow  lamp,  which  was  kept  at  a  bright  yellow  heat  by  a 
current  passing  through  it.  A  large  photograph  of  the  flame  was  also  taken.  The 

*  ‘  Phil.  Trans.,’  1886,  “  Colour  Photometry,”  Abnet  and  Festing. 
t  ‘  Roy.  Soc.  Proc.,’  vol.  43,  1887,  Abnet  and  Resting. 
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lamp  was  then  wa.rmed  from  55°  to  75°;  the  flame  became  longer,  but  when  turned 
down  to  the  height  of  the  gauge  the  same  value  was  obtained  against  the  glow  lamp  as 
before  within  2  per  cent.  Another  photograph  was  taken  of  the  flame  from  the  same 
position,  and  the  two  compared.  The  flames  in  both  cases  were  equal  in  dimensions. 

In  the  paper  last  referred  to  it  was  also  shown  that  either  the  Bunsen  or  the 
Rumford  method  of  photometry  could  be  adopted.  The  method  of  Rumford  is 
undoubtedly  better  than  that  of  Bunsen  when  the  lights  are  very  different  in  colour, 
as  in  the  latter  method  there  is  a  certain  thickness  of  translucent  material  through 
which  both  lights  have  to  pass,  and  only  after  such  passage  can  equality  of  illumina¬ 
tion  be  estimated ;  and  if  the  paper  employed  for  the  screen  is  coloured  in  any  degree, 
this  must  of  necessity  affect  the  results.  The  light  of  the  corona  and  that  of  the  glow 
lamp  are  very  different  in  colour,  the  former  being  stronger  in  the  blue  end  of  the 
spectrum  than  the  latter.  It  must  be  recollected  that  the  greatest  luminosity  is  in 
the  yellow  of  the  spectrum  in  both  cases,  and,  though  the  blue  end  of  the  spectrum 
alters  the  hue,  it  has  very  small  effect  on  the  luminosity.  This  being  the  case,  it  was 
thought  that  no  error  of  any  magnitude  would  be  introduced  by  adopting  the  Bunsen 
plan,  since  the  brightest  part  of  the  two  spectra  would  be  compared  with  one  another. 

It  was  evidently  impracticable  to  adopt  the  PlUMFORU  method  in  the  apparatus  in 
which  the  intensity  of  different  points  in  the  corona  had  to  be  measured.  For  this 
purpose  a  telescope  by  Simms,  lent  by  the  Astronomer  Royal,  was  employed.  The 
object  glass  had  a  focal  length  of  78  inches  and  an  aperture  of  6  inches,  thus  forining 
an  image  of  the  Moon  ’76  inch  in  diameter.  The  image  was  received  on  a  circular 
white  screen  contained  in  a  photometric  box  and  placed  exactly  in  the  focus  of  the 
object  glass.  In  the  centre  of  the  screen  was  traced  a  circle  of  the  diameter  of  the 
image  of  the  Moon,  and  during  the  observation  the  Moon’s  disc  wms  made  to  fall 
exactly  within  the  circle.  As  the  telescope  was  equatorially  mounted  with  clock¬ 
work,  the  image  was  kept  stationary  within  the  circle.  The  screen  was  of  Rives’ 
paper  of  medium  thickness,  and  round  the  pencil-circle  a  series  of  small  grease  spots 
about  of  an  inch  in  diameter  had  been  made.  There  was  some  difficulty  in  pre¬ 
paring  these  small  grease  spots,  but  a  method  was  eventually  devised  which  answered 
admirably.  Faint  pencil  lines  were  drawn  radially  from  the  centre  of  the  circle,  and 
the  places  where  each  spot  was  to  he  produced  were  marked  with  a  dot.  White 
blotting  paper  was  soaked  in  spermaceti,  any  excess  being  avoided.  Small  discs, 
■g-  inch,  were  punched  out,  and  these  discs  were  put  centrally  on  the  dots.  Blotting 
paper  was  next  placed  over  them  when  in  position,  and  a  hot  flat-iron  was  j^assed 
over  them.  The  blotting  paper  and  the  small  discs  were  then  removed,  and  clean 
blotting  paper  and  the  flat-iron  again  applied  to  remove  any  slight  excess  of  spermaceti. 
The  screen  now  presented  the  appearance  shown  in  fig.  1. 

Several  screens  were  made  and  tested.  The  test  consisted  in  causing  a  glow  lamp 
on  one  side  of  the  screen  to  balance  a  glow  lamp  placed  at  the  same  distance  on  the 
other  side  by  means  of  a  variable  resistance  in  the  circuit.  The  spots,  if  correctly 
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made,  become  invisible  at  the  same  time.  The  majority  of  screens  fulfilled  this  con¬ 
dition,  and  the  best  as  regards  uniformity  of, size  of  spot  and  freedom  from  grain  in 
the  paper  were  selected  for  use.  The  screen,  as  will  be  seen  from  the  figure,  was 
mounted  in  a  circular  frame,  which  could  be  rotated  so  as  to  bring  the  sjDots  into  any 
desired  angular  position.  It  could  be  removed  at  pleasure  by  releasing  it  from  the 
buttons  which  held  it  in  position. 


Fig.  1. 


To  hold  the  screen  a  box  was  constructed,  as  shown  in  fig.  2.  It  was  made  as  light 
as  possible,  panels  of  card  (as  at  P,  P)  being  used  instead  of  wood  when  practicable. 
The  glow  lamp  to  be  employed  was  fixed  in  a  holder  inside  the  box ;  this  could  move 
along  the  slot  A,  and  lie  fixed  by  a  thumbscrew,  H,  in  any  desired  position.  (It  may 
here  be  remarked  that  the  plane  of  the  filament  was  at  right  angles  to  the  axis  of  the 
tube.) 

At  the  end  B  was  an  aperture  into  which  the  sliding  tube  of  the  telescope  fitted  ; 
at  D  was  a  door,  which  could  be  opened  to  adjust  the  lamp.  The  screen  shown  in 
fig.  1  was  inserted  at  S,  and  held  in  position  by  means  of  buttons.  At  0  was  an 
opening,  which  was  covered  by  a  black  velvet  bag  into  which  the  head  of  the  observer 
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was  inserted  during  the  time  of  observation.  As  before  said,  the  image  of  the  Moon 
was  accurately  focussed  on  the  screen  inserted  at  S,  and  was  viewed  through  the 
opening  at  O.  The  wires  to  the  lamp  passed  through  the  slot ;  the  carbon-resistance 
(fig.  3)  and  also  the  galvanometer  should  have  been  introduced  into  the  circuit. 


Pig.  3. 


The  carbon-resistance  used  was  one  supplied  by  Mr.  Varley,  and  the  description  is 
taken  from  a  paper  already  referred  to.  It  consisted  of  a  series  of  pieces  of  carbonised 
cloth,  more  or  less  in  contact.  The  carbonised  cloth  is  represented  by  C  (fig.  3),  which 
tills  the  whole  length  from  A  to  D  when  loosely  packed.  At  B  is  a  plate  to  which  Tg 
is  attached,  and  which  can  be  separated  more  or  less  from  a  fixed  metal  plate  to  which 
T^  is  connected  by  the  arm  E,  which  is  moved  by  the  screw  At  A  is  an  insulated 
block,  carrying  another  plate  to  which  Tg  is  attached,  and  A  can  be  carried  backwards 
or  forwards  by  means  of  the  screw  S3.  For  some  purposes  the  main  current  can  be 
brought  in  at  Tg,  and  leads  be  taken  from  T3  and  T^,  thus  forming  part  of  a 
Wheatstone  bridge.  During  the  eclipse  the  terminals  Tj  and  Tg  were  used. 


Eig.  4. 


The  connections  were  made  as  shown  in  fig.  4.  The  current  from  10  cells  of  a  care¬ 
fully  made  up  Grove  battery,  B,  was  passed  through  the  lamp  L.  A  shunt,  including 
the  galvanometer,  G,  and  the  resistance,  R,  was  made.  The  brightness  of  the  lamp 
was  thus  increased  by  adding  more  resistance  to  the  shunt.  Consequently,  in  the 
measures  made,  the  highest  readings  of  the  galvanometer  showed  the  lowest  intensity 
of  light.  It  would  have  been  better  had  the  ordinary  plan  of  putting  the  galvano¬ 
meter  and  resistance  in  the  main  circuit  been  adopted,  but  when  once  the  value  of 
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the  lamp  illumination  by  the  plan  actually  employed  had  been  ascertained  for  varying 
resistances  it  became  a  matter  of  no  moment.  The  galvanometer  used  in  this  case  was 
one  of  Thomson’s  ammeters,  made  more  sensitive  by  fixing  a  permanent  magnet  along¬ 
side  the  usual  magnet,  so  as  partially  to  neutralise  its  magnetism.  By  this  plan  a 
very  small  change  in  current  gave  a  large  deflection,  or  at  all  events  a  deflection  which 
was  readable.  By  reproducing  these  deflections  under  exactly  similar  conditions  the 
illuminating  value  of  the  lamp  could  be  measured  in  the  ordinary  way. 

The  second  instrument,  which  we  shall  call  the  integrating  box,  for  measuring  the 
total  coronal  light  with  as  little  light  from  the  sky  as  possible,  was  constructed  on  the 
same  principles.  It  consisted  merely  of  a  long  deal  box  coated  internally  with  lamp¬ 
black,  in  which  a  screen  with  a  large  grease  spot  was  inserted  at  S.  There  was  a 


similar  slot  for  the  lamp  as  in  the  other  instrument.  The  end  A  was,  however,  open, 
and  during  the  eclipse  it  was  placed  at  such  an  angle  that  the  axis  of  the  tube  pointed 
to  the  centre  of  the  Moon.  The  aperture,  0,  for  making  the  observations  was  in  this  case 
also  covered  with  a  black  velvet  cloth,  under  which  the  head  of  the  observer  was  placed. 

The  third  piece  of  apparatus  consisted  of  an  ordinary  Bunsen  bar  photometer, 
60  inches  in  length,  with  movable  disc,  made  by  Messrs.  Alex.  Wright  and  Co.,  of 
Westminster.  As  originally  arranged,  it  was  fitted  for  two  standard  candles;  for 
the  purpose  of  the  eclipse  observations,  these  w'ere  replaced  by  a  small  glow  lamp. 

As  the  plan  of  the  photometric  work  contemplated  by  us  depended  for  its  execution 
upon  such  assistance  as  we  were  able  to  get  out  at  Grenada,  it  was  arranged  that  we 
should  take  advantage  of  the  kind  offer  of  service  made  by  Captain  Archer  and  the 
ofiicers  of  H.M.S.  “  Fantome,”  which  had  been  told  off  to  assist  the  expedition,  and 
make  the  observations  at  some  spot  in  convenient  proximity  to  the  anchorage  of  that 
vessel.  As  the  latter  end  of  August  falls  during  the  hurricane  season  in  the  West 
Indies,  it  was  desirable  to  moor  the  “Fantome”  in  the  most  secure  anchorage  in  the 
island,  viz.,  in  Clerk’s  Court  Bay,  wFich  is  at  the  south  end  of  Grenada.  It  appeared 
from  the  charts  that  a  suitable  station  might  be  found  on  the  southern  end  of  Caliveny 
Island,  distant  about  mile  from  the  spot  which  would  be  made  use  of  as  the  anchorage. 
Caliveny  Island  was  accordingly  included  in  the  list  of  stations  provisionally  selected 
by  the  Eclipse  Committee  of  the  Eoyal  Society,  and  submitted  to  the  Governor  of 
Grenada.  Mr.  Sendall  and  Captain  Hughes  were  kind  enough  to  visit  the  spot, 
and  they  reported  thah  a  fairly  good  station  might  be  obtained  on  the  extreme  end  of 
the  island,  but  that  difficulties  might  be  experienced  in  landing  the  apparatus. 
Captain  Archer  deemed  it  prudent,  therefore,  to  make  a  preliminary  survey  of  the 
MDCCCLXXXIX. - A.  3  B 


370  CAPTAIN  W.  DE  W.  ABNEY  AND  DR.  T.  E.  THORPE  ON  PHOTOMETRIC 


place  before  the  “Fantome”  left  St.  George.  No  landing  was  practicable  on  the 
leeward  side  of  the  island,  and,  although  two  or  three  places  were  met  with  on  the 
other  side,  they  could  only  be  counted  upon  during  fine  weather.  Moreover,  as 
the  greater  part  of  the  island  is  covered  with  dense  ‘‘bush,”  the  transport  of  the 
instruments  to  and  from  the  station  would  be  very  laborious  and  tedious.  There  was 
the  further  difficulty  that  it  was  well  nigh  impossible  to  make  one’s  way  through  the 
tangle  of  bush  at  night,  when  much  of  the  work  of  adjustment  of  the  equatorial  would 
have  to  be  done.  And,  lastly,  there  was  the  possibility,  even  if  the  instruments  were 
successfully  set  up,  that  the  noise  of  the  surf  and  the  driving  spray  in  bad  weather 
might  seriously  interfere  with  the  work  of  observation. 

For  these  reasons  we  decided  to  abandon  the  Caliveny  site,  and,  after  a  careful 
examination  of  the  neighbourhood,  we  selected  a  station  near  a  little  creek  on  Hog 
Island,  to  the  westward  of  the  bay.  The  position  was  fairly  good  ;  during  dry 
weather  it  was  indeed  all  that  could  be  desired.  The  ground  was  about  10  to  15  feet 
above  the  sea  level,  and  was  close  to  a  shelving,  sandy  beach,  readily  accessible  and 
generally  free  from  swell.  In  bad  weather,  another  landing  could  be  obtained  round 
a  point  to  the  north,  with  only  a  few  hundred  yards  of  bush  to  be  got  through.  The 
position  had  a  good  eastern  horizon,  the  sun  rising  behind  the  lowland  running  out  to 
Point  Egmont,  which  here  subtended  an  angle  of  less  than  1°.  Its  position,  as  taken 
off  the  Admiralty  Chart,  was  lat.  12°  0'  4"  N.,  long.  61°  43'  45"  W. 

The  “Fantdme”  left  St.  George  on  the  17th  August,  and  came  into  Clerk’s  Court 
Bay  in  the  afternoon  of  the  same  day.  All  the  apparatus,  was  safely  got  to  shore 
before  nightfall,  and  the  positions  for  the  base  of  the  equatorial  and  for  the  tents  of 
the  party  undertaking  the  integrating  work  were  decided  upon.  Early  next  morning 
the  erection  of  the  wooden  hut  to  shelter  the  equatorial  was  begun,  and  a  concrete  base 
for  the  stand  made  upon  the  rock,  which  was  found  at  a  depth  of  a  few  inches  below 
the  surface  of  the  soil.  Before  the  surface  of  the  cement  was  finally  set  it  was  care¬ 
fully  levelled,  the  base  put  into  position,  and  the  mounting  of  the  telescope 
proceeded  with.  The  integrating  apparatus  was  placed  in  a  small  marquee  tent,  a 
few  yards  to  the  north  of  the  hut.  Small  slabs  of  concrete  were  also  made  in 
convenient  situations,  to  carry  the  galvanometers,  &c.  As  the  photometer  box 
attached  to  the  equatorial  added  considerably  to  the  length  of  the  apparatus,  it  was 
necessary  that  the  hut  should  be  of  somewhat  larger  dimensions  than  that  generally 
adopted  by  the  rest  of  the  expedition  ;  otherwise  it  was  very  much  of  the  pattern  of 
that  which  the  Governor  had  caused  to  be  constructed  prior  to  our  arrival  at  St. 
George,  and  which  answered  admirably  in  all  respects.  Round  the  hut  and  tents  a 
deep  trench  was  cut,  with  an  outfall  leading  down  tlie  slope  towards  the  sea  to  carry 
off  the  rain-water  collected  by  the  roofs.  Our  chief  difficulties,  indeed,  were  due  to 
the  frequent  rains  and  constant  humidity.  At  times  the  ground  became  worked  into 
a  sort  of  quagmire.  By  the  19th  everything  was  in  fair  adjustment,  and  during  the 
subsequent  ten  days  the  various  members  of  the  party  were  assiduously  practised  on 
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all  available  occasions  in  their  duties.  The  driving  clock  of  the  equatorial  gave 
trouble  in  the  outset,  but  it  was  eventually  got  into  order,  and  on  the  day  of  the 
eclipse,  and  for  some  days  previously,  ran  sufficiently  well.  The  constant  dampness 
of  the  ground,  and  consequent  absence  of  dust,  probably  contributed  to  its  good 
behaviour. 

The  duration  of  the  total  phase  of  the  eclipse  at  Hog  Island  was  about  230  seconds. 
We  found  that  a  simple  and  sufficiently  accurate  method  of  informing  the  party  as  to 
how  this  time  was  speeding,  and  of  the  amount  of  time  still  left  at  intervals  of 
I  5  seconds  before  the  end  of  totality,  could  be  obtained  by  observations  made  with  a 
14-second  sand-glass,  such  as  is  employed  on  shipboard  in  heaving  the  log. 

The  arrangement  of  the  party  was  as  follows  : — 


Integrating  box  ....  Lieutenant  Angus  Douglas. 

Galvanometer . Mr,  Webb, 

Bar  photometer  ....  Lieutenant  Baibnsfather. 
Recorder . Mr.  Robert  J ackson. 


'These  instruments  were  placed  close  together  in  a  small  marquee.  Each  observer 
had  in  addition  a  man  to  charge  and  connect  up  a  battery  of  Grove  cells  for  the  glow 
lamps. 

Equatorial  photometer  ,  .  Professor  T.  E.  Thorpe. 

Galvanometer . Mr.  H,  A.  Lawrance. 

Disc  observations  ....  Captain  Archer. 

On  the  day  before  the  eclipse  the  following  instructions  were  issued  to  the  observers 
in  charge  of  the  integrating  apparatus  : — 


Instructions  to  Lieutenant  Douglas.  [Integratiny  Box.) 

1.  The  eclipse  begins  at  6hr.  12m.  L.M.T.  Totality  commences  at  7hr.  10m.,  and 
lasts  about  230  seconds. 

2.  It  is  desirable  that  on  the  morning  of  the  eclipse  you  should  be  ashore  not  later 
than  6  a.m.  (It  is  assumed  that  your  integrating  box,  leads  to  galvanometer,  glow 
lamp,  and  resistance  apparatus  are  left  in  position  over  night.)  Ascertain  that 
the  box  is  in  proper  azimuth,  and  test  by  the  Abney  level  that  the  inclination  is 
about  19°. 

3.  See  that  the  connections  to  the  glow  lamp  are  properly  made,  and  that  the 
galvanometer  is  levelled  on  the  cement  foundation  and  is  in  ad-jiistment. 

4.  Give  instructions  to  have  a  battery  of  7  cells  in  readiness  for  you,  jiot  later  tlian 
6.30:  6  cells  to  be  connected  up,  the  seventh  to  be  reserved  in  case  of  accidents.  See 
that  you  have  actually  6  cells  connected  up  before  you  begin. 

3  B  2 
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5.  At  6.30  connect  up  all  leads,  see  that  your  lamp  works  properly,  and  that  the 
intensit}^  of  the  light  responds  to  the  screw  of  the  resistance  apparatus. 

G.  The  back  edge  of  the  wooden  piece  carrying  the  lamp  may  he  conveniently 
placed  at  Division  50  of  the  graduated  scale.  This,  with  the  resistance  apparatus 
open,  will  probably  give  you  more  light  than  you  require.  If  at  the  moment  of 
totality,  and  with  the  lamp  full  on,  the  coronal  light  is  greater  than  that  of  the  glow 
lamp,  push  up  the  lamp  to  Division  30.  If  you  have  occasion  to  move  the  lamp 
from  50  (which  is  very  improbable),  be  very  careful  to  note  the  particular  distance 
from  the  screen  at  which  you  place  it. 

7.  At  7'0  request  Mr.  Webb  and  the  man  who  records  his  readings  to  take  up 
their  stations  at  the  cement  slab.  Take  up  your  owm  position  at  the  integratiug  box. 
Mr.  Webb’s  position  to  be  such  that  he  readily  hears  your  command  to  read. 

8.  As  the  light  decreases  just  before  totality,  that  is  between  7.0  and  7.10,  turn 
the  light  up  or  down  with  the  screw,  so  as  to  follow  the  decrease,  so  that  after  the 
moment  that  totality  begins  you  may  be  aide  to  begin  your  comparisons  -with  the 
least  possible  delay. 

9.  Intimation  that  totality  has  begun  will  be  given  to  the  party  by  Quartermaster 
Follett,  who  will  call  out  230.  At  intervals  of  15  seconds  he  will  call  out  the 
number  of  seconds  still  to  elapse  before  totality  ends. 

10.  When  you  have  made  your  adjustment  by  the  screw  as  carefully  as  you  can, 
call  out  “read”  to  Mr.  Webb;  do  not  turn  the  screw  again  until  you  hear  him  give 
his  reading  to  the  man  who  records.  Again  work  the  screw,  make  a  second  adjust¬ 
ment,  and  again  call  out  “read,”  and  again  wait  until  Mr.  Webb  has  given  his  reading 
before  you  begin  again.  If  this  point  is  not  attended  to,  the  needle  will  be’  in  such 
rapid  oscillation  that  it  will  be  impossible  to  get  an  accurate  galvanometer  reading. 

11.  Experience  shows  that  12  readings  may  be  taken  in  100  seconds,  but  it  is  not 
advisable  that  you  should  attempt  to  make  more  than  12  comparisons  during 
“  totality.”  Recollect  that  a  ferv  readings  carefully  and  deliberately  done  are  worth 
far  more  than  a  large  number  made  hurriedly.  Do  not  touch  the  position  of  your 
lamp  at  the  end  of  your  observations.* 

12.  Be  careful  not  to  fatigue  your  eye  by  looking  too  much  at  the  Sun  during  the 
hrst  stage  of  the  eclipse.  Insist  that  all  talking  ceases  after  7. 

Instructions  to  Lieutenant  Bairnsfather,  [Bar  Photometer.) 

1.  The  eclipse  begins  at  6hr.  12m.  ;  totality  commences  at  about  7]n’.  10m.,  and 
lasts  about  230  seconds. 

2.  It  is  desirable  that  you  should  be  ashore  not  later  than  6  a.m.  (It  is  assumed 
that  your  photometer  bar.  leads  to  galvanometer  and  to  glow  lamp,  stand  for  galvo.no- 

*  This  instruction  was  given  in  order  that  iJre  position  of  the  lamp  might  be  verified  after  the 
observation:;  wmre  concluded , 
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meter,  &c.,  are  left  in  position  on  Saturday  evening.)  Ascertain  that  your  photo¬ 
meter  is  in  the  proper  azimuth  ;  test  by  the  Abney  level  that  its  inclination  is  about 
19°.  Fasten  the  front  rod  securely  down,  so  that  on  running  the  lantern  backwards 
and  forwards  it  works  smoothly  and  without  shaking  the  bar  unduly. 

3.  See  that  the  connections  to  the  glow  lamp  are  properly  made  ;  next  see  that  the 
galvanometer  is  levelled  and  in  adjustment. 

4.  Give  instructions  that  a  battery  of  7  cells  should  be  in  readiness  for  you  not  later 
than  6.30.  Only  6  cells  are  to  be  connected  up,  the  seventh  to  be  in  reserve  in  case 
of  accident. 

5.  At  6.30  connect  up  all  leads,  see  that  your  lamp  works  properly,  and  take  a 
reading  of  your  galvanometer.  Go  round  to  the  back  of  your  tent  and  see  that  you 
have  actually  6  cells  connected  up. 

6.  At  7.0  request  Mr.  Jackson  to  take  up  bis  station  at  the  end  of  your  table,  and 
get  ready  to  record.  Go  round  to  the  galvanometer  again  and  carefully  note  the 
reading  of  the  needle,  which  Mr.  Jackson  is  to  record.  At  7.5  take  up  your  position 
at  the  photometer  bar. 

7.  As  the  light  wanes  follow  up  with  the  lantern,  so  as  to  get  it  into  position  with 
the  least  possible  delay  after  the  moment  totodity  begins. 

8.  The  preliminary  drill  has  shown  that  12  sets  of  double  readings  may  be  taken 
during  the  duration  of  totality.  Do  not,  however,  aim  at  doing  more  than  7  or  8  sets 
(in  all  14  or  16  readings).  A  few  readings  carefully  and  deliberately  done  are 
worth  far  more  than  a  large  number  taken  very  hurriedly. 

9.  When  you  have  taken  your  last  reading  let  the  lantern  remain  as  you  placed  it 
for  the  reading,  in  order  that  after  the  eclipse  its  position  may  be  verified.  Be  careful 
to  note  on  which  side  the  middle  point  of  the  photometer  bar  the  readings  are  taken. 

10.  There  will  probably  be  sufficient  light  during  totality  to  see  readily  the 
numbers  on  the  photometer  bar ;  but,  in  case  you  have  difficulty,  it  will  be  advisaole 
to  have  a  lighted  lantern  in  readiness  under  your  table. 

11.  At  the  end  of  totality,  and  therefore  at  the  conclusion  of  your  readings,  again 
note  the  position  of  the  galvanometer  needle  and  record  the  deflection. 

1 2.  Be  careful  not  to  fatigue  your  eye  by  looking  too  much  at  the  Sun  during  the 
first  stage  of  the  eclipse.  All  talking  to  cease  at  7.0. 

Observations  on  the  Day  of  the  Eclipse. 

The  general  character  of  the  weather,  as  noted  during  the  ten  days  prior  to  the 
date  of  the  eclipse,  rendered  it  very  doubtfid  whether  any  photometric  observations 
would  be  at  all  possible  a.t  the  time  of  totality. 

The  following  Table  will  serve  to  indicate  the  condition  of  the  sky  at  about  the  hour 
of  the  eclipse  on  successive  days  from  August  17th  to  the  28th. 

The  amount  of  cloud  is  given  on  the  scale  from  0  to  10. 
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Cloud. 


Aug. 

J  J 

if 

35 


55 

35 


55 


17 

5 

18 

3 

19 

3 

20 

2 

21 

4 

22 

4-5 

23 

5 

24 

5-6 

25 

8-9 

26 

6-7 

27 

8-9 

28 

7-8 

Sun  seen  througli  haze.  Clouded  at  times. 

Sun  unclouded  at  time  of  totality. 

35  55  35 

53  53  55 

Sun  seen  through  thin  cloud. 

Sun  seen  through  haze.  Much  rain  in  night. 

3  3  5  5  55  5  3 

Sun  frequently  clouded. 

Sun  clouded  over ;  much  rain  at  times. 

Sun  seen  through  faint  clouds. 

Dense  clouds.  No  Sun  ;  much  rain  at  times. 

Hazy  at  time  of  totality.  Strong  east  wind  with  showers  at  times. 


The  observing  party  left  the  “Fantome”  shortly  before  daybreak  on  the  morning  of 
the  eclipse,  and  in  a  sliort  time  everything  was  in  readiness  for  the  observations.  The 
sky  was  almost  completely  clouded  over.  A  light  breeze  from  the  E.S.E.  drove  up 
sluggishly  moving  cumuli  in  great  detached  masses,  some  as  high  as  40°  above  the 
horizon,  i.e.,  double  the  height  at  which  the  Sun  would  be  at  time  of  totality.  The 
high  land  of  Grenada  was  completely  enveloped  in  cloud,  and  heavy  rain  was  falling 
in  the  middle  and  over  the  western  slopes  of  the  island.  Over  the  low  land  of  Point 
Fort  Jeudy,  across  the  bay,  behind  which  the  Sun  would  come  up,  w^as  a  mass  of 
cumuli,  with  flattened  bases,  seemingly  motionless.  At  6.15  there  was  a  slight  shower 
of  rain,  and  at  6.1  8  the  partially  eclipsed  Sun  was  seen  for  a  few  seconds.  lu  spite  of 
the  fact  that  the  Solar  disc  was  being  rapidly  obscured,  the  clouds  were  gradually 
breaking  up  into  detached  masses.  By  about  6.40  the  greater  portion  of  them  had 
drifted  away  to  the  North.  The  equatorial  was  then  put  on  the  Sun,  and  the 
gradually  diminishing  crescent  observed  by  reflection  from  tlie  photometric  screen. 
The  clock  went  fairly  well,  and  no  adjustment  was  necessary  to  keep  the  limb  in 
contact  with  the  pencilled  line  of  the  image  on  the  screen  ;  indeed  at  no  time  during  the 
totality  was  the  edge  separated  from  the  circle  by  more  than  the  thickness  of  the 
pencil  line  itself.  The  shadow  of  the  Moon  was  plainly  visible  on  the  white  disc. 
The  moment  of  totality  w^as  7hr.  10m.  14.6s.  (L.M.T.),  the  calculated  time  as  determined 
by  interpolation  from  the  data  furnished  by  Mr.  Hind  for  Caliveny  and  Point  Salene, 
was  7hr.  10m.  18s.  With  respect  to  the  observation,  it  may  be  stated  that  it  was 
determined  by  means  of  a  chronometer,  the  error  and  rate  of  which  had  been  ascer¬ 
tained  from  observations  of  double  altitudes  made  during  the  preceding  10  days 
by  Captain  Archer. 

After  a  few  moments’  observation  of  the  corona,  the  structure  of  which  was 
admirably  pictured  on  the  white  screen  in  the  equatorial,  the  photometric  comparisons 
were  begun  in  the  order  previously  fixed  upon. 
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In  all,  15  comparisons  were  made  out  of  the  16  originally  intended.  At  about 
GO  seconds  from  the  calculated  end  of  totality,  a  dark  clond  swept  over  the  corona, 
rendering  all  further  observation  impossible. 

Reduction  of  the  Ohservations. 

The  lamp  used  in  the  equatorial  photometer  had  the  values  given  in  Table  I.  in 
Siemens  units,  reduced  to  a  distance  of  1  foot  from  the  screen. 


Table  I. 


Measures  of 
potential. 

Intensity  of  light 
reduced  to 

1  foot  from  screen. 

24 

•005 

23 

•007 

22 

•010 

21 

•0145 

20 

•020 

19 

•027 

18 

•036 

17 

•050 

16 

•066 

15 

•089 

The  lamp  was  21 '25  inches  from  the  screen  during  the  eclipse  ;  hence  the  real 
values  of  the  lamp  were  higher,  but,  as  it  is  an  inconvenient  distance  at  which  to 
compare  the  values  obtained  by  the  different  instruments,  an  uniform  distance  of  12 
inches  from  the  screen  has  been  adopted. 

The  same  remark  applies  to  the  lamp  used  by  Lieutenant  Douglas.  The  measures 
of  potential  in  intensity  of  light  are  given  in  Table  II. 


Table  II. 


Measures  of 
potential. 

1 

Intensity  of  light 
reduced  to 

1  foot  from  screen. 

1 

1  10*0 

•0024 

9-0 

•0036 

8-0 

•0040 

7-5 

•0055 

7-0 

•0074 

6'5 

•0104 

6-0 

•0135 

5-5 

•0183 

5-0 

•0258 

4-5 

•0340 
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During  the  eclipse  this  lamp  was  really  21 '6  inches  from  the  screen,  and,  as  in  the 
former  case,  the  actual  values  of  the  light  were  higher. 

The  numbers  in  the  above  tables  are  graphically  represented  in  the  following  curves, 
from  which  the  results  of  the  observations  were  measured. 
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"BBBBBBBBBBBBBBBBBBBBBBBBBBBBBIiageBBBBBBBBIlBBBBBaB 


Volts  4 


Table  III.  gives  the  value  in  light  of  the  readings  on  the  equatorial  photometer. 
The  numbers  of  the  grease  spots  in  Column  I.  correspond  with  the  order  in  which 
they  were  read.  Column  II.  gives  the  calculated  distance  of  each  spot  from  the  Sun’s 
centre  in  terms  of  the  Solar  diameter.  Column  III.  gives  the  readings  on  the  volta¬ 
meter  ;  and  Column  IV.  the  corresponding  value  of  the  light  in  Siemens  units. 
Column  V.  gives  the  approximate  time  in  seconds  after  the  beginning  of  totality  when 
the  several  readings  were  made. 
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Table  III. — Readings  on  the  Equatorial  Photometer  reduced  to  the  Values  of 

Light  Intensity. 


I. 

II. 

III. 

IV. 

V. 

I 

1-55 

15-8 

•070 

seconds. 

10 

2 

2-66 

18-3 

•0.33 

20 

.3 

366 

20-3 

•019 

30 

4 

1-61 

16-5 

•058 

40 

5 

2-55 

17-5 

•043 

50 

6 

3  44 

19-4 

•024 

60 

7 

1-25 

19-8 

•021 

70 

8 

216 

21'4 

•012 

80 

9 

2-60 

24-0 

•005 

90 

10 

111 

18-0 

•036 

100 

11 

2-16 

21-5 

•013 

110 

12 

3-16 

23-5 

•005 

120 

13 

2-16 

23-0 

•007 

130 

14 

2-33 

23-5 

•005 

140 

15 

2-33 

23-5 

•005 

150 

Fig.  6  shows  the  position  of  the  several  spots  as  seen  on  the  photometer  screen. 
The  arrow  and  shaded  segments  show  the  apparent  direction  of  the  Moon’s  jDath 
across  the  Solar  disc. 


The  numbers  correspond  with  the  order  in  which  the  readings  were  made. 

Table  IV.  gives  the  value  of  Lieutenant  Douglas’s  readings,  and  Table  V.  those  of 
liieutenant  Bairnsfather.  It  must  be  remembered  that  Lieutenant  Douglas’s 
instrument  measured  the  total  light  from  the  corona  with  only  a  small  portion  of  the 
light  from  the  sky,  whereas  the  bar  photometer  as  used  by  Lieutenant  Bairnsfather 
measured  the  light  from  the  corona  together  with  that  from  a  large  portion  of  the 
MDCCCLXXXIX. — A.  3  C 
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sky.  Hence  the  readings  on  the  bar  photometer  are  necessarily  higher  than  those 
obtained  by  the  integrating  box. 


Table  IV. — Headings  on  the  Integrating  Box  reduced  to  Values  of  Light  Intensity. 


Voltameter  readings. 

Value  of  light  at  1  foot 
from  screen  in  Siemens 
units. 

Approximate  time  when 
readings  were  made  from 
beginning  of  totality. 

5-4 

•0197 

15 

!  6-2 

•0122 

30  1 

5-9 

•0142 

45  ! 

7-0 

•007,5 

60  , 

6-8 

•0085 

75  ! 

71 

•0070 

90  j 

7-3 

•0065 

105  I 

7-3 

•0065 

120 

7-7 

•0054 

135  1 

7-8 

•0051 

150 

8-3 

•0045 

165 

8-8 

•0040 

180 

8-9 

•00.35 

195 

9-3 

•0030 

210 

9-4 

•0027 

215 

9-4 

•0027 

220 

Table  V.— Readings  on  the  Bar  Photometer  reduced  to  Values  of  Light  Intensity. 


Value  of  the  lamp  =  0T33  unit. 


Distance  of  lamp  from 
screen  in  inches. 

Equivalent  value  in 
Siemens  unit  at  1  foot. 

Approximate  time  of 
reading. 

1  33-5 

•0160 

50 

i  34-4 

•01.52 

70 

1  36-2 

•0137 

90 

,  39-1 

•0118 

110 

!  39-6 

•0115 

130 

I  44-1 

•0093 

150 

46^4 

•0084 

170 

47-8 

•0079 

190 

48'0 

•0078 

210 

47-8 

•0079 

2-20 

48-5 

•0077 

230 

It  will  be  noticed  that  Lieutenant  Bairnspather’s  first  reading  was  made  when 
50  seconds  of  the  totality  had  passed.  The  delay  was  due  to  the  circumstance  that 
it  was  found  necessary  to  diminish  the  number  of  cells  connected  up  after  totality  had 
begun,  and  hence  a  new  reading  of  the  galvanometer  was  needed  before  the  observa¬ 
tions  could  be  commenced.  The  actual  time  of  beginning  could  only  be  very  approxi- 
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mately  known,  but  from  trials  made  subsequently  it  is  probably  accurate  to  witbin 
5  or  6  seconds. 

It  will  also  be  observed  that  both  Lieutenant  Douglas  and  Lieutenant  Baiens- 
FATHEE  continued  to  read  after  the  Moon  and  corona  were  actually  obscured  by  cloud. 
Of  course  neither  of  the  observers  was  able  to  notice  the  fact  of  the  obscuration  with¬ 
out  looking  up  from  his  instrument.  The  passage  of  the  cloud  was,  however, 
readily  noticed  on  the  screen  of  the  equatorial  photometer,  and  the  time  of  obscuration 
during  the  phase  of  totality  was  noted.  It  occurred,  as  already  stated,  at  about 
1  minute  from  the  calculated  end  of  totality. 

The  observations  of  all  these  observers  show  in  the  clearest  manner  that  the  results 
are  affected  by  haze  after  the  first  60  or  70  seconds  of  totality.  Thus,  the  first  six 
readings  on  the  equatorial  photometer  are  fairly  concordant,  but  after  1  minute  had 
elapsed  the  light  intensities  begin  to  decrease  rapidly.  Thus,  spots  7  and  10,  which 
were  considerably  nearer  to  the  limb  than  spots  1  and  4,  show  a  considerably  less 
intensity,  and  the  differences  are  far  greater  than  could  be  accounted  for  by  any 
possible  variation  of  local  intensity  in  coronal  light.'"'  Lieutenant  Douglas’s  readings 
also  show  a  sudden  drop  at  about  60  seconds  from  the  beginning  of  totality,  and  they 
continue  to  decrease  steadily  and  in  precisely  the  same  manner  as  those  of  Lieutenant 
Baiensfathee. 

This  result  is  indeed  what  might  have  been  anticipated.  It  must  be  remembered 
that  the  air  was  practically  saturated  with  moisture  ;  a  slight  shower  had  fallen  even 
a  few  minutes  before  totality,  and  the  lowering  of  the  temperature  consequent  on  the 
obscuration  of  the  Solar  disc  would  inevitably  cause  the  gradual  precipitation  of 
moisture  from  air  already  charged  to  saturation. 

If  we  assume,  therefore,  that  we  are  justified  in  regarding  the  first  six  observations 
made  with  the  equatorial  photometer  as  valid,  we  obtain  the  following  eurve  as 
showing  the  photometric  intensity  of  coronal  light  at  varying  distances  from  the  Sun’s 
limb  expressed  in  terms  of  Solar  semi-diameters,  from  Sun  centre. 


*  The  photographs  show  tliat  no  such  variations  in  local  intensity  were  present. 


3  c  2 
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Fio^.  7. 


Curve  stowing  relation  between  photometric  intensity  of  coronal  light  and  distance  of  corona  from 

Sun’s  limb. 

It  will  be  quite  obvious,  from  the  cbaracter  of  this  curve,  that  the  diminution  in 
intensity  does  not  vary  according  to  the  law  of  inverse  squares.  To  show  the  degree 
of  departure  we  have  calculated  the  intensity,  on  the  basis  of  the  law,  at  several 
points  and  compared  them  with  the  values  taken  from  the  curve  at  the  same  points. 


Distances  in  Solar 
semi-diameters. 

Photometric  intensity. 

Observed. 

Law  of  inverse 
squares. 

1-6 

•066 

•066 

2-0 

•0.53 

•042 

2-4 

•043 

•029 

2-8 

•034 

•022 

8-2 

•026 

•016 

3-6 

1 

•021 

•013 
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In  comparing  the  observations  of  Lieutenant  Douglas  and  Lieutenant  Bairns- 
FATHER  with  those  made  during  the  1878  Eclipse  it  must  be  remembered  that  the 
conditions  of  observation  on  the  two  occasions  were  widely  different.  The  observa¬ 
tions  in  the  West  Indies  were  made  at  the  sea-level,  in  a  perfectly  humid  atmosphere, 
and  with  the  Sun  at  no  greater  altitude  than  19°.  Professor  J.  W.  Langley  observed 

O 

from  the  summit  of  Pike’s  Peak,  which  is  14,100  feet  above  the  sea,  in  a  relatively  dry 
atmosphere,  and  with  the  Sun  at  an  altitude  of  39°.  Dr.  J.  C.  Smith’s  position  at 
Virginia  City,  Montana,  was  about  6,000  feet  above  the  sea-level,  and  the  Sun’s  altitude 
at  the  time  of  observation  was  about  44°.  If  we  have  regard  then  to  the  extinction 
of  the  coronal  light  in  the  Earth’s  atmosphere,  it  follows,  ccEteris  ijarihus,  that  the 
observations  during  the  1886  Eclipse  should  show  a  much  lower  photometric  intensity 
than  those  of  1878,  even  if  the  intrinsic  brightness  of  the  corona  was  the  same  on  the 
two  occasions. 

It  will  be  a  matter  of  remark  that  the  brightness  of  the  corona  at  the  various  points 
measured  is  very  inferior  to  that  of  the  Moon’s  surface.  The  value  of  the  light  from 
the  full  Moon  has  been  variously  estimated,  but  it  is  not  an  unfair  estimate  to  take  it 
as  '02  of  a  candle  at  1  foot  distance.  Supposing  the  whole  surface  of  the  Moon  to  be 
of  equal  brightness,  the  brightness  of  the  Moon’s  image  on  the  photometric  screen  used 
.  in  the  equatorial  telescope  compared  with  moonlight  itself  would  have  been  very 
closely  60  X  ’02  candle,  or  1'2  candles.  No  matter  what  part  of  the  image  fell  on 
the  grease  spots,  it  would  have  required  this  illumination  to  have  made  the  grease 
spots  disappear.  If  we  take  the  highest  reading  of  the  corona  measured,  we  find  that 
it  is  ’07  of  a  Siemens  unit,  or  about  ‘06  caudle.  It  thus  appears  that  the  brightness 
of  the  brightest  measured  part  of  the  corona  (1’55  Solar  semi-diameters)  was  200  times 
less  bright  than  that  of  the  surface  of  the  Moon,  whilst  the  furthest  spot  at  3 '66  Solar 
semi-diameters,  having  a  value  of  ’019  Siemens  unit,  or  ‘015  candle,  was  only  of 
the  brightness. 

The  highest  value  of  the  coronal  light,  measured  in  the  ordinary  photometer,  was 
about  '02,  or  equivalent  to'  that  of  the  full  Moon.  It  is  evident  therefore  that,  even 
when  taking  into  account  the  greater  angular  area  wdiich  the  corona  occupied,  the 
brightness  of  the  corona  w^as  very  much  greater  close  to  the  limb  than  elsewhere. 
The  photographs  which  were  taken  show  this  fact.  A  dense  image  of  the  Moon 
might  be  secured  on  plates  such  as  were  used  at  the  eclipse  in  the  of  ^  second. 
The  photographs  which  were  taken  of  the  corona  varied  in  exposure  from  half  a  second 
to  100  seconds.  Even  with  the  first  named  exposure  the  corona  close  to  the  limb  was 
much  over  exposed,  showing  the  intense  brightness  of  that  part,  whilst  the  image  of 
the  highest  part  of  the  corona  measured  was  hardly  visible.  Owing  to  the  variable 
quantities  of  cloud  during  totality,  it  would  be  unfair  to  try  to  make  any  comparison 
between  the  brightness  of  the  corona  at  the  poles  and  at  the  equator,  though,  had  no 
cloud  intervened,  the  arrangements  adopted  would  have  enabled  such  to  be  done. 
Nor  is  it  worth  while  to  endeavour  to  establish  any  law  for  the  decrease  of  brightness 
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of  the  corona  in  terms  of  its  distance  from  the  limb.  We  have,  however,  in  the 
measures  given,  obtained  results  which  will  be  of  use  in  comparing  the  brightness  of 
the  corona  on  this  occasion  with  that  of  other  future  eclipses ;  and  we  believe  that 
measurements  of  the  brightness  obtained  by  the  plan  adopted,  or  by  photography, 
will  become  a  necessary  observation  in  determinmg  what  connection,  if  any,  the  Sun¬ 
spot  periods  have  with  the  coronal  phenomena. 

We  have  to  express  our  acknowledgments  to  Mr.  H.  A.  Lawrance  for  the  very 
ready  and  efficient  aid  which  he  rendered  in  mounting  the  equatorial,  and  in  assisting 
in  making  the  photometric  measurements. 

To  Captain  Archer  and  his  officers,  Lieutenants  Douglas  and  Bairnsfather,  we 
are  also  greatly  indebted  for  the  lively  and  eminently  practical  interest  which  they 
manifested  in  the  work  of  the  expedition  generally,  and  especially  for  their  zealous 
co-operation  in  the  particular  observations  which  had  been  entrusted  to  us.  Indeed, 
the  entme  crew  of  the  “  Fantome”  laboured  in  the  most  willing  and  cheerful  manner, 
often  under  circumstances  of  considerable  personal  discomfort,  to  promote  the  success 
of  the  expedition  in  every  possible  way. 

Appendix. 

Observations  made  by  Newcomb’s  Method  on  the  Visibility  of  Extension  of  the  Coronal 
Streamers  at  Hog  Iskmd,  Grenada,  by  Commander  Archer,  R.N. 

1.  A  9 -inch  disc  was  erected  on  a  pole  fastened  to  the  N.W.  corner  of  the  observa¬ 
tory,  much  in  the  manner  suggested  in  the  instructions  ;  the  distance  of  the  eye-piece 
from  a  plumb-line  hanging  under  the  centre  of  the  disc  frame  was  exactly  40  feet. 

2.  As  a  means  of  measuring  the  length  of  the  streamers  of  the  corona,  I  had  fitted 
two  copper  circles  concentric  with  the  disc,  supported  on  a  light  iron  crqss ;  the 
diameter  of  the  inner  circle  was  disc  diameter  (13A  inches),  that  of  the  outer  one 
2  disc  diameters  (18  inches). 

3.  In  order  to  localise  the  position  of  the  streamers,  I  decided  to  look  upon  the  disc 
as  a  compass  card,  with  the  North  point  vertically  upwards  ;  the  arms  of  the  iron 
cross  therefore  indicated  the  cardinal  points. 

4.  The  iron  crossbar  which  carried  the  eye-piece  I  had  lengthened  to  18  inches,  in 
order  to  increase  the  limits  of  adjustment,  and  also  to  admit  of  the  Sun  being  observed 
when  at  the  proper  altitude  (18°  48')  on  several  preceding  days  ;  owing  to  this 
circumstance,  I  feel  considerable  confidence  in  the  Sun’s  having  been  nearly  concentric 
with  the  disc  at  the  beginning  of  totality,  as  on  two  previous  days  I  timed  the  exact 
moment  when  the  Sun’s  centre  was  behind  the  centre  of  the  disc,  and  found  the 
calculated  altitudes  at  the  time  were  between  18°  48'  and  18°  49',  the  calculated 
altitude  at  commencement  of  totality  being  18°  47'  51".  The  position  of  the  eye-piece 
was  adjusted  on  the  previous  day,  and  required  no  further  alteration. 
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5.  I  found  the  concentric  wire  circles  of  great  advantage,  as  the  streamers,  when 
judged  by  eye  alone,  appeared  to  be  much  longer  than  they  really  were ;  and,  had  it 
not  been  for  this  device,  I  feel  sure  I  should  have  over-estimated  the  distance  to  which 
they  extended. 


60 


50 


40 


30 


20 


6.  Half  an  hour  before  the  commencement  of  totality  I  sat  down  in  the  shade,  and 
a  quarter  of  an  hour  before  I  had  my  eyes  bandaged  with  a  double  thickness  of  black 
cloth ;  on  the  signal  being  given,  I  removed  the  bandage  and  observed  through  the 
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eye-hole  a  narrow  fringe  of  very  bright  white  light  all  round  the  wooden  disc,  with 
marked  extensions  to  the  N.E,  and  N.W.,  which  both  just  reached  the  outer  wire, 
though  the  outer  portion  was  very  faint.  The  N.W.  one  was  rather  forked,  the  N.E. 
one  pointed.  To  N.N.W.  was  a  fainter  thin  extension,  which  reached  to  the  first 
wire  ;  to  S.E.  was  a  similar  one,  also  reaching  to  the  first  wire ;  and  to  S.W.  was  a 
very  small  double  one,  hardly  reaching  half  way  to  the  first  wire. 

7.  I  then  looked  through  a  ship’s  telescope  I  had  on  a  stand  near  me,  and  I 
observed  red  jmominences  under  the  N.W.,  N.N.W.,  and  S.E.  extensions,  and  also 
some  prominences  at  North.  To  N.W.  was  a  long  tongue  of  flame  about  the  colour  of 
a  candle  flame,  which  appeared  to  be  disconnected  from  the  Sun’s  limb,  and  to  extend 
to  about  10'  from  the  limb;  this  estimation  was  made  by  aid  of  the  afore-mentioned 
wires. 

8.  On  a  cloud  passing  over  towards  the  end  of  totality  I  looked  at  the  stars  over¬ 
head,  but  there  were  so  many  in  sight  that  I  could  not  pick  out  what  they  were  ;  I 
should  say  that,  judging  by  the  contrasts  between  their  brightness,  some  of  them 
must  have  been  of  the  third  or  fourth  magnitude. 

9.  At  the  eye-hole  a  linear  inch  on  the  disc  subtended  an  angle  of  68  minutes: 
thus,  supposing  the  Sun  were  concentric  with  the  disc  at  the  beginning  of  totality, 
the  streamers  to  the  N.W.  and  N.E.  would  be  about  45'  from  the  Sun’s  limb,  those  to 
N.N.W.  and  S.E.  about  30',  that  to  S.W.  about  22',  and  the  general  ring  of  light  of 
the  corona  probably  about  18'. 

10.  I  observed  a  light  film  of  cloud  to  be  passing  over  the  corona  for  several  seconds 
before  it  v/as  hidden  by  the  cloud. 

11.  Explanation  of  the  diagrams  (p.  383) 

The  upper  figure  represents  the  wooden  disc  with  its  supports  and  wires,  and  the 
ii’regular  riug  of  the  corona  and  streamers  showing  round  it,  as  seen  at  the  commence¬ 
ment  of  totality.  The  second  figure  is  a  reproduction  of  the  first  on  a  larger  scale, 
with  the  disc  removed ;  the  dark  circle  represents  the  Moon,  and  the  black  dots  show 
the  prominences  that  were  noticed.  A  scale  of  degrees  and  minutes  is  attached  to 
each  figure.  The  vertex  is  towards  the  top  of  the  paper. 


ll.M.S.  “  Fantomc,”  Grenada, 
August,  1886. 


ItoBERT  H.  Arc’HER,  Commander. 
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I.  General  Arrangements. 

The  eclipse  party  M^as  landed  at  St.  George’s,  Grenada,  on  Thursday,  August  12. 
On  Saturday,  August  14,  I  proceeded  with  Professor  Tacchini  to  Grenville,  a  village 
on  the  east  coast,  near  which  it  had  been  decided  that  we  were  to  take  up  our  stations. 
Our  instruments  and  baggage,  with  two  huts  constructed  by  a  local  carpenter  at 
St.  George’s,  were  placed  on  a  sIoojd  which  was  towed  round  the  coast  as  far  as 
Grenville  Bay  by  II.M.S.  “Fantome”;  but,  as  it  was  unadvisable  for  a  large  ship  to 
attempt  to  enter  the  bay,  the  sloop  went  in  alone,  and  deposited  its  freight  on  the 
jetty.  I  proceeded  to  Grenville  by  the  Grand  Etang  Pass,  which  runs  nearly  east  and 
west  across  the  island  from  St.  George’s  to  Grenville,  being  anxious  to  determine 
whether  there  was  any  chance  of  returning  with  heavy  baggage  by  the  overland  route. 
Howmver,  it  soon  became  evident  that  this  would  be  very  difficult,  if  not  impossible, 
the  pass  being  little  more  than  a  bridle-path  in  certain  portions. 

The  party — consisting  of  Professor  Tacchini  and  myself,  Lieutenant  Smith,  of 
H.M.S.  “  Sparrowhawk,”  a  quartermaster  from  the  same  ship,  and  an  artificer  from 
H.M.S.  “  Fantome” — found  very  comfortable  quarters  at  Boulogne,  the  house  of 
Colonel  Duncan,  wdiich  is  situated  about  two  miles  from  Grenville  Bay,  along  a  fair 
road. 

After  some  delay,  caused  b}^  very  heavj^  rain  on  Monday,  August  16,  which  made 
the  roads  nearly  impassable  for  a  time,  the  huts  and  instruments  were  carted  from  the 
bay  to  Boulogne,  and  erected  very  quickly  on  a  site  close  to  the  house,  longitude 
4h.  6m.  30s.  W.,  latitude  12°  8'’5  N.  One  bell  tent  was  also  erected  for  contin¬ 
gencies,  though  this  was  almost  unnecessary,  as  our  instruments  were  uupacked  and 
the  cases  left  in  the  “  buchan,”  a  kind  of  superior  barn  for  storing  cocoa,  which  wars 
then  nearly  empty  and  was  kindly  placed  at  our  disposal  by  Mr.  St.  George,  Colonel 
Duncan’s  representative. 

The  huts,  which  had  been  constructed  before  our  arrival  under  the  direction  of  his 
Excellency  Governor  Sendall,  required  very  little  modification.  They  were  ten  feet 
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square,  with  a  gabled  roof,  the  ridge  running  north  and  south.  The  door  for  entrance 
was  in  the  western  face.  The  eastern  roof  consisted  almost  entirely  of  two  shutters, 
which  could  easily  be  thrown  open  with  a  pole  ;  and,  after  this,  a  large  portion  of  the 
eastern  face  (which,  in  my  own  case,  was  enlarged  still  further)  could  be  opened, 
turning  about  hinges  which  ran  horizontally  across  the  face.  This  gave  practically  a 
clear  view  eastwards  from  the  sea  horizon  up  to  the  zenith,  so  that  it  was  possible  to 
work  on  the  Sun  from  sunrise  to  midday.  The  instruments  inside  were  further  pro¬ 
tected  from  drippings  by  mackintosh  covers.  My  own  instrument  consisted  of  the 
Simms  equatorial  No.  1,  with  a  grating  spectroscope  ;  and  a  4-inch  telescope  by  Simms, 
mounted  as  a  part-counterpoise  on  the  same  polar  axis.  The  whole  Aveight  Avas  about 
1 5  cwt.  ;  and,  as  my  Avork  was  not  to  be  photographic,  and  no  very  great  steadiness  Avas 
necessary,  it  Avas  found  suflfcient  to  place  the  base  plate  (an  iron  plate  3  feet  in 
diameter)  on  the  soil,  after  removing  the  turf. 

After  Tuesday,  August  17,  the  mornings  were  generally  fine,  and  eAmry thing  Avas 
soon  in  order  for  observation.  Lieutenant  Smith  rated  the  chronometer  (Arnold  and 
Dent,  965)  by  sextant  observations  of  equal  altitudes  of  the  Sun  with  an  artificial 
horizon  ;  the  local  time  of  totality  was  found  to  be  correct  Avithin  a  feAV  seconds. 

In  taking  a  photograph  of  the  portion  of  the  spectrum  under  observation,  some 
difficulty  was  found  in  preventing  the  film  from  becoming  detached  during  develop¬ 
ment  or  washing.  I  found  at  last  that  drying  the  plate  thoroughly  by  the  stove 
before  taking  the  photograph  prevented  this  detaching. 

The  night  of  August  28-29  was  beautifully  fine,  but  at  sunrise  clouds  began  to 
gather,  and  the  observations  of  the  eclipse  Avere  made  under  considerable  difficulties. 
The  folloAving  notes  Avill  give  some  idea  of  the  circumstances  ; — 


h. 

m. 

s. 

From  sunrise  to  6 

30 

0 

Cloudy. 

6 

30 

0 

Sun  appeared. 

6 

31 

30 

Cloudy. 

6 

33 

15 

Clear. 

G 

34 

15 

Cloudy. 

G 

41 

20 

Clear. 

6 

45 

30 

Slight  shower  ;  Sun  visible. 

6 

47 

0 

ShoAA^er  passed. 

G 

48 

0 

Another  shower. 

G 

49 

5 

ShoAver  passed. 

6 

52 

20 

Showery. 

G 

55 

0 

ShoAver  passed. 

6 

56 

30 

Cloudy. 

7 

0 

20 

Clear. 

7 

10 

10 

Cloudy  for  ten  seconds. 

7 

12 

0 

Totalitv. 
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7  14  30 
7  15  5 
7  ]5  50 
7  16  0 
7  20  0 
7  23  15 
7  24  10 
7  25  17 


Light  cloud  passing. 

Quite  cloudy. 

End  of  totality  ;  cloud  lifted  for  five  seconds. 
Quite  cloudy. 

Clear. 

Cloudy. 

Clear. 

Clouded  up  for  some  time. 


After  the  eclipse  the  instruments  were  quickly  dismounted,  and,  with  the  huts, 
were  placed  on  board  a  small  steamer,  the  “Waltham,”  which,  on  Wednesday, 
September  1,  conveyed  us  back  round  the  south  coast  to  St.  George’s,  stopping  at 
Prickly  Point  on  the  way,  to  pick  up  a  lighter  containing  the  instruments  and  baggage 
of  the  southern  party.  I  returned  to  England  with  some  other  members  of  the  expe¬ 
dition  by  the  mail  which  left  Grenada  on  the  following  Sunday. 


II.  Observations. 

(a)  The  Order  of  Ajypearance  of  Certain  Bright  Lines  of  the  Chromosphere  and. 

Inner  Corona. 

In  the  programme  arranged  before  the  expedition  left  England,  I  was  directed  to 
attempt  the  confirmation  of  Mr.  Lockyer’s  observations  before  and  after  totality 
during  the  Egyptian  eclipse  of  1882.  These  are  described  briefly,  with  promise  of 
further  details,  in  the  ‘Poy.  Soc.  Proc.’  for  1882  (pp.  291  et  seq.),  and  it  will  be 
sufficient  here  to  reproduce  the  following  paragraphs  from  this  paper  for  convenience 
(ibid.  p.  296,  §§  10-13).  The  observations  were  intended  as  a  test  of  two  rival 
hypotheses. 

“  On  the  old  hypothesis  the  construction  of  the  Solar  atmosphere  was  imaged  as 
follows : — 

“  (l)  We  have  terrestrial  elements  in  the  Sun’s  atmosphere. 

“  (2)  They  thin  out  in  the  order  of  vapour  density,  all  being  represented  in  the  lower 
strata,  since  the  Solar  atmosphere  at  the  lower  level  is  incompetent  to  dissociate  them. 

“  (3)  In  the  lower  strata  we  have  especially  those  of  higher  atomic  weight,  all 
together  forming  a  so-called  ^  reversing  layer,  by  which  chiefly  the  Fraunhofer 
spectrum  is  produced. 

“  The  new  hypothesis  necessitates  a  radical  change  in  the  above  views.  According 
to  it,  these  three  statements  require  to  be  changed,  as  follows  : — 

“(1)  If  the  terrestrial  elements  exist  at  all  in  the  Sun’s  atmosphere,  they  are  in 
process  of  ultimate  formation  in  the  cooler  parts  of  it. 

3  D  2 
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“  (2)  The  Sun’s  atmosphere  is  not  composed  of  strata  which  thin  out,  all  substances 
being  represented  at  the  bottom ;  but  of  true  strata,  like  the  skin  of  an  onion,  each 
ditferent  in  composition  from  the  one  either  above  or  below. 

“  (3)  In  the  lower  strata  we  have,  not  elementary  substances  of  a  high  atomic 
weight,  b'Ut  those  constituents  of  all  the  elementary  bodies  which  can  resist  the  greater 
heat  of  these  regions. 

“  It  was  stated  in  (6):  While  discussing  the  conditions  of  observation,  that  whether 
we  were  dealing  with  strata  of  substances  extending  down  to  the  Sun,  or  lunited  to 
certain  heights,  the  spectral  lines  would  always  appear  to  rest  on  the  Solar  spectrum, 
and  that  the  phenomena  would  in  the  main  be  the  same.  This,  however,  is  true  in 
the  main  only ;  there  must  be  a  difference,  and  this  supplies  us  with  a  test  between 
the  rival  hypotheses  of  the  greatest  stringency. 

“  For  take  three  concentric  envelopes.  A,  B,  C,  so  that  only  A  rests  on  the  photo¬ 
sphere,  B  rests  on  A,  and  C  on  B.  The  stratum  B,  being  further  removed  from  the 
photosphere  than  the  stratum  A,  will  be  cooler,  its  lines  will  be  dimmer,  and  the  lines 
of  C  will  be  dimmer  than  the  lines  of  B,  and  so  on.  So,  if  we  could  really  observe  the 
strata,  the  longer  a  line  is,  i.e.,  the  greater  the  height  at  which  the  stratum  which 
gives  rise  to  it  lies,  the  dimmer  the  line  will  he. 

“  Now,  our  best  chance  of  making  such  an  observation  as  this  is  during  a  total 
eclipse.  We  do  not  see  the  lines  ordinarily,  in  consequence  of  the  illumination  of  our 
air.  As  during  an  ecli^^se,  before  totality,  the  intensity  of  this  illumination  is  rapidly 
diminishing,  the  lines  first  visible  should  be  short  and  bright,  and  should  remain 
short,  while  the  new  lines  which  become  visible  as  the  darkness  increases  should  be  of 
gradually  increasing  length. 

“  Further,  the  sliort  lines  which  first  appear  should  be  lines  seen  in  prominences 
and  not  in  spots,  and  relatively  brighter  in  the  spark  than  in  the  arc,  while  the  longer 
lines  added  should  be  lines  affected  in  spots  and  not  in  prominences.” 

The  manner  in  which  these  expectations  were  realised  is  shown  at  once  by  the 
subjoined  diagram  from  the  same  paper  (fig.  1). 

For  convenience  of  reference  I  have  used  small  letters  to  denote  the  lines  shown  in 
the  lowest  line  of  the  diagram,  beginning  v/ith  a  on  the  left.  Thus — 


two  lines  at  4870-71 

are  called  a  and  h. 

„  4890 

,,  ,,  c  and  d. 

three  ,, 

„  4918-23 

„  „  e,/andg. 

two  ,, 

„  4932-33 

,,  „  h  and  i. 

one  „ 

„  4956 

>) 

5  5  55 

„  4970 

In  this  nomenclatui'e,  then,  lines  g  and  I  are  seen  by  Tacchtni  in  prominences. 
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and  the  other  lines  (excepting  A  and  i)  are  seen  by  Lockyer  in  spots.  In  the 
Egyptian  eclipse — 

g  and  i  ....  were  seen  7  minutes  before  totality  ; 

k  and  3  „ 

and  all  the  other  lines  ,,  „  2  ,,  ,,  ,, 


In  making  my  own  observations,  the  slit  of  the  spectroscope  was  placed  radial  to 
the  limb  at  the  cusp  some  minutes  before  totality.  The  point  of  the  cusp  was  brought 
on  to  the  slit,  and  the  motion  of  the  Sun  allowed  to  carry  it  gradually  away.  The 
Solar  spectrum,  as  seen  in  the  spectroscope,  thus  became  narrower  as  the  point  of  the 
cusp  approached,  and  finally  disappeared.  It  was  hoped  to  catch  the  bright  lines  just 
at  this  point,  the  dark  lines  of  the  vanishing  Solar  spectrum  serving  as  a  set  of  fiducial 
mai’ks  for  the  identification  of  the  bright  lines.  But  there  was  also  inserted  in  the 
focus  of  the  eyepiece  a  photograph  of  this  region  of  the  spectrum  taken  the  day  before. 
Some  twenty  minutes  before  totality  it  was  suspected  that,  in  the  increasing  dark¬ 
ness,  the  lines  of  the  photograph  would  not  be  well  seen,  and  the  places  of  the  lines 
were  therefore  carefully  marked  by  scratching  the  film  with  a  sharp  penknife  ;  the 
scratches  were  seen  to  accord  well  with  the  proper  lines  in  the  Solar  spectrum.  But 
in  the  actual  observations  it  was  not  found  necessary  to  refer  to  the  photograph,  and 
the  identifications  mentioned  below  were  referred  to  the  vanishing  spectrum.  For 
the  period  of  the  observations  the  cusp  does  not  travel  very  rapidly  along  the  limb,* 
so  that  the  slit  was  nearly  radial  until  a  few  seconds  before  totality.  I  now  subjoin 
tlie  observations,  as  recorded  at  the  time  by  an  assistant  to  my  dictation. 


Time  by  chronometer. 


li.  m.  s. 

G  55  30 
G  5G  30 

7  0  20 

7  7  45 

7  8  55 

7  10  10 
7  1]  30 

7  12  0 

7  15  50 
7  20  50 


No  bright  line  visible  at  cusp. 

Cloudy  ;  no  bright  line  visible  up  to  the  time  clouds 
appeared. 

Clear  again. 

F  line  appeared. 
g  appeared  :  very  short. 

Cdoudy  for  ten  seconds. 
g  and  i. 

Immediately  after  many  lines  appeared. 

Totality. 

End  of  totality  ;  cloudy. 

Only  F,  g,  and  i  visible  at  times. 


*  The  rate  of  motion  is  very  nearly  inversely  proportional  to  the  duration  of  totality.  Eor  a  three- 
minute  eclipse  the  angular  distances  of  the  cusp  from  the  point  of  disapjiearance  are  respectively  75°,  60°, 
51°,  33|°,  at  44  mins.,  90  secs.,  54  secs.,  18  secs,  before  totality. 
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7  21  45 
7  22  28 
7  23  15 
7  24  10 
7  24  42 
7  25  17 


<j  still  suspected,  and  I', 
h  certainly  visible. 
Cloudy. 

Clear  again. 

No  line  visible. 

Cloudy  for  some  time. 


In  addition,  I  wrote  the  following  note  immediately  afterwards  : — 

“  Just  before  totality  all  the  lines  were  glimpsed,  but  all  were  much  shorter  than 
was  expected  ;  g  and  i  were  certainly  seen  before  this,  but  no  others.  F  was  very 
bright  from  time  noted,  and  prominent  after  totality.  After  totality  was  over,  cloud 
still  remained  for  nearly  a  minute.  Then  F  line  only  was  prominent,  but  g  and  k 
were  afterwards  seen  ;  i  was  not  seen  ;  k  appeared  to  remain  longest.” 

The  telescope  used  was  one  by  Simms,  of  6  in.  aperture  and  6  ft.  focal  length.  To 
this  was  attached  a  grating  spectroscope  by  Hilger  ;  collimator,  1^  in.  aperture  and 
18  in.  focal  length;  telescope,  1-^  in.  aperture  and  9  in.  focal  length;  magnifying 
power  of  eyepiece,  10.  The  grating  kindly  lent  to  me  by  Captain  Abney  was  by 
Rutherfurd,  and  contained  17,200  lines  to  the  inch.  The  second  order  of  spectrum 
was  used. 

It  will  be  seen  that  these  observations  confirm  Mr.  Lockyer’s  in  only  a  few  points. 
The  phenomena  were  apparently  of  greater  intensity  in  Egypt ;  the  bright  lines  g  and 
i  appeared  there  7  minutes  before  totality,  the  first  of  which  I  saw  3  minutes  and  the 
second  only  30  seconds  before  totality.  The  second  stage  of  the  appearance  of  k  and  I 
in  the  Egyptian  observations  is  not  represented  at  all  in  my  own,  being  indistinguish¬ 
able  both  from  the  third  stage  and  from  the  general  flashing  out  of  many  bright  lines 
which  took  place  just  before  totality,  and  is  represented  in  my  own  notes  by  “  many 
lines  appeared.” 

Bright  lines  are  recorded  after  totality  for  nearly  6  minutes  ;  and,  as  the  appearance 
of  k  was  unexpected,  it  was  looked  at  carefully,  with  the  result  noted,  “  k  certainly 
visible.”  I  could  not  help  feeling  some  doubt  afterwards  as  to  the  observation  ;  and 
it  is  possible  that  it  is  really  spurious,  and  due  to  the  straining  of  the  eyes,  to  the 
imagination,  or  other  causes.  But  it  is  only  differentiated  from  the  other  observations 
by  the  fact  of  coming  rather  later  in  a  somewhat  exciting  half-hour,  and  I  have  left 
the  record  untouched.  It  is  perhaps  only  natural  that  the  clear  atmosphere  of  Egypt 
and  the  great  altitude  of  tlie  Sun,  as  compared  with  the  vapour-laden  ah’  of  the 
West  Indies  and  an  altitude  of  only  18°,  should  modify  the  particular  phenomena 
under  discussion.  And,  again,  it  must  be  remembered  that  in  1882  the  Sun’s  activity 
was  nearly  at  its  maximum  ;  whereas  in  1886,  judging  at  least  by  the  paucity  of 
spots,  the  minimum  was  appearing  somewhat  prematurely.  This  may  have  had  a 
considerable  effect  on  these  phenomena. 

This  diminution  of  the  period  of  time  over  which  the  phenomena  were  distributed, 
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and  especially  tlie  concentration  of  the  later  changes  in  the  spectrum  into  the  space  of 
a  few  seconds,  made  a  most  essential  difference  in  the  observation.  The  record  of  the 
Egyptian  eclipse  gave  rise  to  the  hope  that  the  observations  could  be  made  somewhat 
leisurely — which,  indeed,  is  almost  essential  if  the  eye  is  to  carefully  compare  faint 
lines  (the  few  early  lines  were  too  faint  on  this  occasion  to  be  held  steadily  by  the  eye, 
but  could  be  seen  by  glimpses  in  the  manner  familiar  to  observers  of  faint  objects)  in 
different  parts  of  the  field.  Instead  of  this,  I  found  that  the  phenomena  were  sudden, 
and,  with  the  few  exceptions  mentioned,  the  change  which  the  spectrum  underwent 
was  confined  to  what  has  been  called  “  the  flash,”  as  I  understand  it.  Mr.  Lockyer 
seems  to  have  had  the  good  fortune  to  see  this  “  flash”  in  stages,  extended  for 
analysis.  For  a  complete  confirmation  of  his  results  it  is  possible  that  better  condi¬ 
tions  may  be  necessary  than  those  of  the  1886  eclipse. 

III.  Observations  during  Totality. 

During  totality  I  had  been  directed  by  the  Committee  to  examine  the  corona,  with 
a  view  to  the  detection  of  currents.  For  this  purpose,  a  4-in.  telescope  by  Simms  was 
attached  to  the  same  mounting  as  the  6 -in.  used  for  the  spectroscope.  The  power 
used  was  140.  With  this  instrument  I  made  a  careful  examination  of  the  corona  all 
round  the  limb.  It  did  not  seem  to  me  to  vary  essentially  in  appearance  from  point 
to  point.  The  structure  was  radial,  and  on  following  the  rays  outwards  from  the  limb 
I  could  not  detect  any  appearance  of  curvature,  to  join  another  ray  in  the  form  of  a 
loop.  I  believe  such  forms  were  represented  in  some  of  the  naked-eye  drawings. 
The  great  prominence  was  a  striking  feature  ;  it  seemed  to  me  of  a  rosy  tint  through¬ 
out.  Concerning  the  particular  object  of  the  search — indications  of  any  sort  of  current 
—  I  can  only  report  a  negative  result. 

There  was,  to  my  eye,  scarcely  any  distinguishing  feature  in  structure  by  which  the 
orientation  could  be  recognised  ;  though  some  of  the  rays  were,  of  course,  longer  than 
others — that  is  to  say,  I  looked  specially  for  the  structure  characteristic  of  the  poles, 
and  failed  to  notice  any  very  marked  difference  from  the  structure  in  other  parts  of  the 
circumference. 

I  then  returned  to  the  spectroscope,  with  a  view  to  examining  the  brightness  of  the 
lines  at  different  distances  from  the  limb ;  but  the  eye  examination  had  taken  some 
considerable  time,  and  the  clouds  which  obscured  the  Sun  for  the  last  minute  of 
totality  were  already  approaching. 


IV.  Drawings. 

The  drawing  marked  A  was  made  by  Mr.  St.  George  with  an  opera  glass.  His 
eyes  were  not  specially  made  sensitive  before  totality. 

The  drawing  B  was  made  by  Lieutenant  Smith,  of  H.M.S.  “  Sparrowhawk,”  from 
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naked-eye  observations;  but  his  head  was  wrapped  in  a  black  mackintosh  15  minutes 
before  totality  commenced. 


VERTEX  VERTEX 


The  black  centre  represents  the  Moon ;  the  shaded  circle  in  B  represents  the  disk  (three  times 
size  of  Moon)  which  obscured  the  brighter  portions  of  the  corona. 

Long,  of  station,  4h.  6m.  30s.  W. ;  lat.  12°  8''5  N. 


No  attempt  is  made  in  either  drawing  to  give  details,  but  merely  the  distances  to 
which  coronal  extension  could  be  traced,  as  estimated  in  diameters  of  the  central  black 
disk,  which  in  tlie  first  case  represents  the  Moon,  and  in  the  second  a  disk  which  was 
so  placed  as  to  screen  the  brighter  portions  of  the  inner  corona  from  the  observer’s 
eyes,  and  subtended  an  angle  of  3  diameters.  It  will  be  seen  that  the  chief  dis¬ 
crepancy  in  the  drawings  is  in  the  orientation  of  the  rays  marked  respectively  a  and  h, 
in  one  of  which  there  would  seem  to  be  some  error ;  otherwise  the  correspondence  is 
remarkably  good,  except  that  Lieutenant  Smite  obviously  traced  the  extension  much 
further  than  Mr.  St.  George.  It  may  be  mentioned  that  special  rehearsals  were 
conducted  on  the  two  days  before  the  eclipse,  in  drawing  on  such  skeleton  forms  of 
concentric  circles  pictures  of  coronae  held  before  the  eye  for  3|-  minutes.  The  two 
gentlemen  mentioned  above  were  found  to  reproduce  the  direction  of  the  rays  very 
accurately,  and,  as  regards  distance,  Mr.  St.  George  seemed  to  be  liable  to  slightly 
over-estimate  the  extensions. 
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XIII.  Revision  of  the  Atomic  Weight  of  Gold. 

By  J.  W.  Mallet,  F.R.S.,  Professor  of  Chemistry  in  the  University  of  Virginia. 

Received  April  15, — Read  May  9,  1889. 

Until  lately  gold  ranked  among  the  elementary  substances  of  which  the  general 
properties  had  been  well  ascertained,  but  in  regard  to  the  atomic  weights  of  which 
our  knowledge  was  least  satisfactory.  That  this  constant  should  be  determined  as 
accurately  as  possible  for  gold  was  desii'able  in  view  of  its  bearing  on  the  precise  place 
assigned  the  metal  in  the  “  periodic  ”  classification  of  the  elements  based  on  the  ideas 
of  Newlands,  Odling,  Mendelejefp,  and  L.  Meyer.  Furthermore,  an  exact  know¬ 
ledge  of  the  atomic  weight  of  gold  might  be  conveniently  applied  in  the  determination 
of  the  atomic  weights  of  some  of  the  other  elements.  A  practical  laboratory  reason  for 
desiring  to  possess  a  trustworthy  value  for  this  constant  was  also  presented  by  the 
facility  with  which  gold  compounds  of  many  organic  substances  may  be  prepared,  and 
the  ease  with  which  their  composition  may  be  ascertained  by  simple  ignition  in  the 
air  and  weighing  of  the  residual  gold,  the  results  leading  to  a  knowledge  of  molecular 
composition  when  the  atomic  value  of  the  weight  of  the  metal  obtained  is  assumed  to 
be  known. 

For  the  last  three  years  and  a  half  I  have  been  occupied,  during  a  large  part  of 
such  time  as  has  been  available  for  original  work,  in  devising  and  carrying  out 
experiments  aiming  at  the  redetermination  of  the  constant  in  question.  The  diffi¬ 
culties  met  with  have  been  greater  than  were  at  first  looked  for,  and  have  led  to 
much  time  and  labour  being  consumed  in  attempts  to  overcome  them.  About  two 
years  ago,  when  this  work  was  already  well  under  way  but  still  in  jirogress,  there 
appeared  the  results  of  experiments  aiming  at  the  same  end,  by  Kruss  in  Germany 
and  by  Thorpe  and  Laurie  in  England — expeiiments  made  with  the  care  and  accu¬ 
racy  of  modern  methods,  and  apparently  deserving  of  much  confidence.  My  own 
work,  however,  was  continued,  as  we  cannot  have  too  many  careful  independent 
determinations  of  atomic  weights  by  different  workers,  and  as  I  had  used  to  a  con¬ 
siderable  extent  other  procesess  than  those  on  which  the  newly  published  determina¬ 
tions  were  based,  while  the  chemists  named  had  employed,  in  the  main,  one  and  the 
same  method.  A  preliminary  notice  of  my  work  was  read  in  the  Chemical  Section  of 
the  British  Association  at  the  Manchester  meeting  of  1887.  The  details  of  my 
experiments  and  the  results  which  I  have  reached  are  now  laid  before  the  Boyal 
Society. 
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Earlier  Determinations  of  the  Atomic  Weight  of  Gold. 

In  the  work  of  L.  Mulder,  ‘  Historisch-kritisch  Overzigt  van  de  Bepalingen  der 
.^quivalent-Gewigten  van  24  Metalen,’  Utrecht,  1853,  and  in  the  recent  papers  of 
Kruss  and  of  Thorpe  and  Laurie,  there  are  abstracts  of  reports  upon  a  number  of 
experiments  by  chemists  of  the  earlier  part  of  this  century  bearing  on  the  value  to  be 
assigned  to  the  atomic  weight  of  gold,  such  as  those  of  Proust,* * * §  Eichter,!  Dalton,| 
Thomson,§  Oberkampe,||  Pelletier,^  Figuier,** * * §§  and  jAVAL;tt  but  of  these  none 
deserve  any  attentive  consideration  at  the  present  day,  the  methods  used  having  in 
some  cases  been  such  that  accurate  results  could  not  be  expected  from  them,  and  the 
actual  hgures  obtained  in  other  cases  differing  so  widely  from  each  other  that  no 
importance  can  be  attached  to  them. 

Before  the  year  1887  but  two  chemists — Berzelius  and  Levol — had  published  the 
results  of  experiments  furnishing  fairly  admissible  data  for  calculating  the  atomic 
weight  in  question. 

A.  Experiments  qf  Berzelius,  1813.;j;|— The  method  adopted  was  the  precipitation 
of  a  solution  of  auric  chloride  by  metallic  mercury,  determining  the  quantities  of 
mercury  dissolved  and  gold  thrown  down.  In  the  original  paper  but  a  single  experi¬ 
ment  is  reported,  but  later  the  author  appears  to  have  made  a  second, §§  so  that  for  the 
two  Meyer  and  Seubert,  in  them  recalculation  of  the  atomic  weights  of  the  elements,|||| 
give  as  the  sums  of  the  amounts  of  mercury  and  gold  found  to  be  equivalent  to  each 
other  24 ’240  grm.  of  the  former  and  15 ‘9 12  grm.  of  the  latter.  Taking  these  quan¬ 
tities  to  represent  the  ratio  between  the  weights  of  three  atoms  of  mercimy  and  two 
atoms  of  gold,  we  have  for  the  weight  of  the  single  atom  of  the  latter  (H  =  J) 

If  we  assume  Hg  =  199'8  (L.  Meyer  and  Seubert||||).  .  19673 

„  „  „  199712  (F.  W.  Clarke^).  .  .  .  196-65 

This  method  recommends  itself  as  advantageous  on  several  grounds,  and  the 
experiment  deserves  repetition  as  soon  as  the  atomic  weight  of  mercury  becomes 


*  ‘  Journal  de  Physique,’  vol.  62,  1806,  p.  131 ;  ‘  N.  Gehlen,  Journal,’  vol.  1,  1806,  p.  477. 

t  ‘  SCHWEIGGEE,  Journal,’  vol.  7,  1813,  p.  43. 

t  ‘  New  System,’  part  2,  1810,  ji.  253. 

§  ‘  First  Principles,’  vol.  1,  1825,  p.  440. 

II  ‘  Annales  de  Chimie,’  vol.  80,  1811,  p.  140. 

^  ‘  Annales  de  Chimie,’  vol.  15,  1820,  pp.  5,  113. 

**  ‘  Annales  de  Chimie,’  vol.  19,  1821,  p.  177. 

tt  ‘Annales  de  Chimie,’  vol.  17,  1821,  p.  337;  ‘  ScHWEiGGER,  Journal,’  vol.  33,  1821,  p.  238. 

tt  ‘  Stockholm,  Kgl.  Vetensk.  Akad.  Handl.,’  1813,  p.  185. 

§§  Berzelius,  ‘  Lehrbuch,’  vol.  3,  p.  1212,  sti-.  70. 

111!  Lothae  Meter  u.  KArl  Seubert,  ‘  Die  Atomgewichte  d.  Elemente  aus  d.  Originalzahlen 
berechnet,’  Leipzig,  1883,  p.  191. 

“  The  Constants  of  Nature,”  ‘  Smithsonian  Miscellaneous  Collections,’  Washington,  D.C. 
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known  with  greater  certainty  than  at  present.  But  until  this  condition  is  fulfilled 
the  result  for  gold  cannot  be  depended  upon  as  of  the  first  rank  in  exactness.  In  any 
renewed  attempt  to  apply  this  method  several  questions  would  have  to  be  examined 
as  to  the  precise  nature  of  the  solution  used,  and  of  the  reaction  itself. 

[Berzelius* * * §  also  precipitated  gold  by  means  of  a  known  quantity  of  phosphorus 
from  a  solution  of  the  chloride  used  in  excess,  and  his  results,  as  calculated  by 
F.  W.  Clarke,!  lead  to  the  atomic  weight  195 '303  for  gold  ;  but  this  process  appears 
ill  adapted  to  give  very  exact  results,  even  in  such  hands_  as  those  of  the  great 
Swedish  chemist,  and  the  value  obtained  is  certainly  too  low  in  the  light  of  more 
modern  researches.] 

B.  Experiments  of  Berzelius,  1844.| — In  these  experiments  potassium  auri- 
chloride,  which,  it  was  found,  could  not  be  completely  dried  without  loss  of  chlorine, 
was  ignited  in  hydrogen,  and  the  residue  was  treated  with  water  to  dissolve  potassium 
chloride,  the  quantity  of  which  was  determined,  as  well  as  that  of  the  metallic  gold 
left  undissolved.  Five  experiments  were  made,  and  the  aggregate  amounts  obtained 
of  potassium  chloride  and  gold  were  3*7800  grm.  and  9*9685  grm.  respectively. 
These  figures,  if  we  assume  K  =  39*03  and  Cl  =  35*37,  give  for  the  atomic  weight  of 
gold  196*20,  the  lowest  result  from  one  of  the  individual  experiments  being  196*11, 
and  the  highest  196*27. 

Among  possible  sources  of  error  in  this  process  we  may  note  as  deserving  considera¬ 
tion  the  conceivable  retention  by  the  potassium  auri-chloride  of  hydrogen  auri  chloride, 
and  the  difficulty  of  directly  determining  with  accuracy  the  potassium  chloride 
extracted  by  water.  The  former  would  lead  to  a  higher  result  for  gold  than  should 
be  obtained ;  the  latter  might  either  give  too  low  a  result  in  consequence  of  imperfect 
drying,  or  too  high  if  there  were  partial  loss  by  volatilization,  either  during  the 
ignition  in  hydrogen  or  in  subsequently  recovering  the  potassium  chloride  from 
solution.  The  quantities  of  material  used  were  smaller  than  is  probably  desirable. 

C.  Experiments  of  Levol,  1850.§ — A  weighed  quantity  of  gold  was  dissolved  as 
auric  chloride,  the  metal  reduced  from  the  solution  by  means  of  sulphur  dioxide,  and 
the  sulphuric  acid  formed  was  determined  as  barium  sulphate.  In  two  expei’iments, 
reported  as  giving  exactly  the  same  result,  1  grm.  of  gold  gave  1*782  grm.  of  barium 
sulphate.  Hence,  if  Ba  be  taken  =  136*86,  S  =  31*98,  and  O  =  15*96,  we  have  for 
the  atomic  weight  of  gold  the  number  195*86. 

Of  the  sources  of  error  to  which  this  method  is  liable  probably  the  most  important 
are  atmospheric  oxidation  of  sulphurous  to  sulphuric  acid  and  imperfect  washing  out 
of  soluble  compounds  of  barium  from  the  barium  sulphate.  Both  would  tend  to  give 
too  low  a  result  for  gold. 

*  Berzelius,  ‘  LeErbuch,’  5.  Aufl.,  vol.  3,  p.  1188. 

t  “  Tbe  Constants  of  Nature,”  ‘  Smitlisoniau  Miscellaneous  Collections,’  Washington,  D.C. 

4  Berzelius,  ‘  Lebrbucli,’  5.  Aufl.,  vol.  .3,  p.  1212. 

§  ‘  Annales  de  Cbimie,’  [3],  vol.  30,  p.  355. 
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For  all  these  earlier  experiments  details  are  wanting  as  to  the  exact  mode  of 
purification  of  the  gold  aud  other  materials  used,  and  in  the  weighings  there  appears 
to  have  been  no  correction  introduced  for  atmospheric  buoyancy  ;  the  results  doubtless 
represent  apparent,  not  absolute,  weights, 

[There  is  also  to  be  quoted  the  statemeut  of  Julius  Thomsen,'"  that  he  found  in 
hydrogen  brom-aurate  (AuBr3.HBr.5H3O)  32T1  per  cent,  of  gold  and  52‘00  per 
cent,  of  bromine,  from  which  he  concluded  that  Au  =  probably  about  197.  Taking 
Br  =  7976,  and  calculating  from  the  ratio  of  Biy  :  Au,  the  number  is  197 '01.] 

Recent  Careful  Determinations  of  the  Atomic  V/ eight  of  Gold. 

A.  Exjieviments  of  Gerhard  Kruss,  1886.t — The  author  has  described  in  detail 
the  means  resorted  to  for  the  preparation  of  pure  metallic  gold,  and  especially  for  its 
separation  from  silver  and  the  metals  of  the  platinum  group,  with  an  account  of  the 
spectroscopic  examination  of  the  gold  employed.  He  has  then  given  a  full  account 
of : — a.  His  determinations  of  the  gold  and  chlorine  (the  former  reduced  by  a  stream 
of  sulphur  dioxide ;  the  latter  precipitated  and  weighed  as  silver  chloride)  in  a  neutral 
solution  of  auric  chloride,  prepared  by  tbe  action  of  water  on  the  so-called  auro-auric 
chloride  (AuoCl^),!  itself  prepared  by  the  direct  action  of  chlorine  on  metallic  gold  ; 
6.  Like  determinations  of  gold  and  chlorine  in  sublimed  auric  chloride,  made  by 
direct  action  of  the  elements  on  each  other  with  careful  regulation  of  the  temperature  ; 
c.  Determinations  of  the  gold  in  a. weighed  quantity  of  potassium  auri-bromide 
(KAuBiq),  the  metal  in  some  experiments  reduced  from  a  solution  of  the  salt  by 
sulphurous  acid,  in  others  reduced  from  the  dry  salt  by  heating  in  a  ’stream  of 
hydrogen ;  d.  Determinations  of  the  gold  and  bromine  (the  former  thrown  down  by 
sulphurous  acid  ;  the  latter  precipitated  as  silver  bromide)  in  the  same  salt,  potassium 
a,uri-bromide ;  e.  Determinations  of  the  loss  of  weight  (representing  3  atoms  of 
bromine  for  1  of  gold)  undergone  by  heating  potassium  auri-bromide  gradually  to 
320°  C.,  towards  the  end  in  a  stream  of  hydrogen;  f  Determinations  of  the 
quantity  of  potassium  bromide  recovered  from  the  residue  left  in  the  experiments  of 
e  by  treatment  of  this  residue  with  water,  separation  of  the  metallic  gold,  careful 
evaporation  of  the  liquid,  and  final  cautious  heating  of  the  potassium  bromide  over  a 
free  flame.  In  the  experiments  of  series  a  account  was  taken  of  the  somewhat 
difierent  processes  of  purification  of  the  gold  used,  but,  no  corresponding  differences 

*  ‘  Journ.  Prakt.  Chem.,’  vol.  13,  1876,  p.  345. 

f  ‘  Liebig’s  Annalen,’  vol.  238,  p.  30;  aud  separate  publication,  G.  Kkuss,  ‘  Uutersuchungen  iiber  das 
Atomgewicbt  des  Goldes,’  Miinchen,  1886. 

t  Kruss  has  in  a  later  paper  (‘  Berichte  Deutsch.  Chem.  Gesell.,’  vol.  20,  p.  2634)  denied  the 
existence  of  auro-auric  chloride  as  a  definite  compound,  but  admits  that  the  substance  so  described  by 
Julius  Thomsen  yields  on  treatment  -with  warm  water  a  solution  of  pure  neutral  auric  chloride,  with 
separation  of  metallic  gold. 
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being  observable  in  the  results  obtained,  no  further  record  was  made  in  the  remaining 
series  of  the  history  of  the  gold  used  in  these. 

After  correction  of  the  weighings  for  atmospheric  buoyancy  in  such  cases  as  seemed 
to  the  author  to  involve  a  correction  worth  noticing,  the  following  results  were 
calculated  from  the  figures  obtained,  these  figures  agreeing  in  general  closely  with 
each  other  in  each  series  :  — 


Series  a.  Mean  of  8  experiments.  Atomic  weight  of  gold  =  196 ’022 
„  h.  „  4  „  „  „  lPG-143 

„  c.  „  9  .,  „  „  =  196741 

„  d.  „  5  „  „  „  =  196743 

,,  e.  „  4  ,,  ,,  ,,  =  196-619 

„  /  „  4  „  „  „  =  196-620 


Leaving  out  the  results  of  series  h  on  the  ground  of  the  very  small  quantity  of 
sublimed  auric  chloride  available,  and  the  considerable  discrepancy  of  one  of  the 
results  (that  in  which  most  material  was  used)  from  the  rest,  the  author  calculates 
from  the  remaining  30  experiments  the  general  mean  196-669  ;  but,  taking  into 
account  the  greater  or  less  closeness  of  agreement  of  the  figures  obtained  by  the 
several  methods,  he  comes  to  the  conclusion  that  196-64  may  better  be  assumed  as 
the  true  atomic  weight  of  gold.  In  these  calculations  Ag  was  assumed  =  107-660, 
Cl  =  35-368,  Br  =  79-750,  and  K  =  39-040. 

As  regards  possible  sources  of  constant  error  in  Kruss’s  experiments,  it  may  be 
observed  that — • 

1.  In  series  h  very  small  quantities  of  sublimed  auric  chloride  were  used — the 
whole  amount  available  for  all  four  experiments  being  only  about  seven-tenths  of  a 
gramme — and  it  is  probable  that  a  little  free  chlorine  may  have  been  physically 
retained  by  the  chloride  in  spite  of  the  long-continued  passage  over  it  of  dry  air. 
The  experiment  in  which  the  largest  quantity  of  material  was  used  gave  the  atomic- 
weight  =  but  194-79.  On  these  grounds  the  author  himself  excludes  the  series  from 
consideration  in  calculating  his  general  mean. 

2.  In  series  c,  d,  and  e  the  evidence  is  pretty  strong,  but  perhaps  not  conclu¬ 
sive,  to  show  that  potassium  auri-bromide  can  be  rendered  absolutely  dry  by  exposure 
to  air  in  a  vessel  containing  phosphorus  pentoxide,  either  at  ordinary  or  higher 
temperatures,  without,  at  the  same  time,  undergoing  any  loss  of  bromine.  The  attain¬ 
ment  of  constant  weight  by  the  salt  does  not  positively  prove  the  entire  removal  of 
water.  If  moisture  were  retained  the  atomic  weight  of  gold  found  would  be  brought 
out  lower  than  it  should  be. 

3.  Krdss  himself  observed  that  in  all  cases  in  which  he  dissolved  potassium  auri- 
bromide  in  water  a  small  residue  of  metallic  gold  was  left,  and,  determining  in  a  single 
experiment  the  amount  of  this  (about  -05  per  cent.),  he  used  it  as  a  corection  for  all 
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Ills  results.  As  pointed  out  by  Thorpe  and  Laurie'"'  this  partial  decomposition  of 
the  salt  was  probably  due  to  the  action  of  dust  from  the  air.  If  the  results  obtained 
from  the  solution  were  used,  wdthout  any  correction,  to  establish  the  atomic  weight  of 
gold,  the  tendency  would  of  course  be  to  a  value  lower  than  the  truth.  Although  the 
correction  introduced  is  small,  it  can  hardly  be  supposed  that  it  should  be  taken  as 
constant  in  amount  in  all  the  experiments. 

4.  In  series  e  it  may  be  questioned  whether  traces  of  potassium  bromide  may  not 
have  been  volatilized  at  the  highest  temperature  used,  or  the  residual  potassium 
bromide  may  not  have,  to  a  small  extent,  exchanged  bromine  for  oxygen  while  heated 
in  air  (before  the  use  of  the  stream  of  hydrogen),  the  latter  change  being  one  to  be 
guarded  against  whenever  haloid  salts  are  strongly  heated  in  the  presence  of  free 
oxygen.  The  tendency  in  both  cases  would  be  to  a  lower  atomic  weight  for  gold. 

5.  In  series  f  there  was  risk  of  slight  loss  of  potassium  bromide  during  filtration 
and  evaporation  of  its  solution,  and  during  exposure  of  the  salt  to  the  heat  of  a  free 
flame,  wdien  there  might  possibly  have  been  again  slight  replacement  of  bromine  by 
oxygen,  fhus  causing  the  atomic  weight  sought  to  come  out  too  high,  or  else,  on  the 
other  hand,  risk  of  imperfect  drying,  which  would  give  too  low  a  value  for  the  atomic 
weight^  in  question. 

On  the  whole  it  seems  probable  that  the  tendency  of  most  of  the  constant  errors  to 
be  suspected  in  connection  with  Kruss’s  experiments  — experiments  carried  out  with 
remarkable  patience,  skill,  and  apparent  freedom  from  merely  “fortuitous”  errors — 
wns  in  the  direction  of  an  atomic  weight  for  gold  somewhat  below,  rather  than  above, 
the  true  value. 

B.  Experiments  oj  and  Laurie,  1887. t — In  these  experiments ’potassium 

auri-bromide  was  used,  and  determinations  were  made  : — a.  Of  the  wmight  of  the 
residue  left  on  heating  the  salt  over  a  Bunsen  flame  till  bromine  ceased  to  be  given 
off  (this  residue  consisting  of  metallic  gold  and  potassium  bromide),  and  the  weight  of 
the  gold  left  by  such  residue  after  all  potassium  bromide  had  been  w^ashed  out  of  it 
by  water ;  6.  Of  the  weight  of  silver  necessary  to  be  added  as  nitrate  to  the  solution 
of  potassium  bromide  obtained  in  a  in  order  to  just  precipitate  the  bromine  present ; 
e.  Of  the  weight  of  the  silver  bromide  so  precipitated.  All  suitable  experimental  pre¬ 
cautions  seem  to  have  been  taken,  and  the  weighings  were  corrected  for  atmospheric 
buoyancy.  The  individual  results  in  each  series  agreed  with  each  other  even  more 
closely  than  in  Kruss's  research. 

The  results  obtained  were  as  follows,  using  in  calculation  the  numbers  Ag  =  107'G6, 
Br  =7975,  and  K  =  39-03  :~ 

Series  a.  Mean  of  8  experiments.  Atomic  weight  of  gold  =  196-876 
M  h.  ,,  9  ,,  ,,  ,,  ,,  =  196-837 

„  =,  8  „  „  „  „  =  196-84-2 

*  ‘  Obem,  Soc.  Joui-n.,’  Dec.,  1887,  p.  866. 
t  ‘  Chem.  Soc.  Jom-n.,’  June,  1887,  p.  565,  and  Dec.,  1887,  p.  866. 
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The  general  mean  of  these  values,  giving  equal  weight  to  the  different  series,  is 
196-852. 

As  regards  possible  sources  of  constant  error  specially  belonging  to  these  experi¬ 
ments,  it  is  to  be  noticed-^ 

1.  There  is  an  advantage,  as  observed  by  the  authors  themseivms,  over  the  greater 
part  of  the  experiments  of  Kruss  in  the  nature  of  the  relations  employed  not  requiring 
that  the  potassium  anri-bromide  should  be  perfectly  dry,  the  exact  quantity  of  the 
orio-inal  salt  not  needing’  in  fact  to  be  known. 

2.  In  series  a  it  is  conceivable  that  there  might  have  been  slight  volatilization  of 
potassium  bromide,  or  interchange  in  it  to  a  small  extent  of  bromine  for  oxygen, 
during  the  heating  of  the  original  salt,  or  retention  of  traces  of  potassium  bromide  by 
the  metallic  gold  when  washed — the  latter  but  little  probable.  Any  of  these  defects, 
if  existing,  would  cause  the  method  to  give  a  higher  value  for  Au  than  the  true  one. 

3.  In  series  h  the  pi’obability  seems  to  be  in  favour  of  not  quite  the  whole  of  the 
original  potassium  bromide  being  actually  used,  arid  minute  loss  of  silver  solution 
having  perhaps  occurred,  so  that  rather  more  of  this  solution  was  counted  as  used 
than  the  true  quantity,  If  so,  the  former  defect  would  tend  to  raise,  the  latter  to 
lower,  the  atomic  weight  of  gold. 

4.  In  series  c,  in  view  of  the  evidence  adduced  to  prove  complete  drying  of  the 
silver  bromide,  it  is  more  likely  that  its  weight  as  obtained  was  below,  rather  than 
above,  the  truth.  Hence  we  should  suspect,  if  any  constant  error  exist,  that  it  would 
rather  tend  towards  an  unduly  high  value  for  Au. 

On  the  whole,  there  seems  to  be  less  reason  to  fear  sources  of  constant  error  of  any 
considerable  amount  in  connection  with  the  experiments  of  Thorpe  and  Laurie  than 
with  those  of  Kruss,  and  the  drift  is  in  the  opposite  direction,  tending  rather  to  give 
too  high  than  too  low  a  value  for  the  atomic  weight  to  be  determined. 

It  should  be  mentioned  that  Kruss’"'  has  claimed  that  in  the  potassium  auri-bromlde 
used  by  T'horpe  and  Laurie  there  was  probably  as  much  free  gold  as  he  considered 
to  exist  in  the  salt  used  by  himself,  and  on  this  assumption  has  calculated  that  the 
three  series  of  experiments  by  the  English  chemists  should,  if  corrected  on  this 
account,  lead  to  the  niimliers  196-616,  196-5,59,  and  196-575  respectively  for  Au. 
From  this  conclusion  the  latter  chemists  altogether  dissent,!  and  express  their  con¬ 
fidence  that  in  none  of  the  preparations  used  by  them  was  there  fi’ee  gold  sufficient  to 
account  for  the  difference  between  their  own  results  and  those  of  Kruss. 


*  ‘  Berichte  Deutsch.  Chem.  Gesell.,’  vol.  iJO,  p.  2365. 
t  ‘  CLem.  Soc.  Journ  ,’  Dec.,  1887,  p.  868. 
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General  Results  of  Former  Determinations  most  deserving  Confidence. 

TJiese  recent  researches,  unquestionably  by  far  the  most  valuable  up  to  the  present 
time,  give  us,  when  taken  separately  and  together,  the  followung  values  for  the  atomic 


weight  of  gold  : — 

1.  General  mean  of  5  series  by  Keuss,  as  calculated  by  himself  .  196‘640 

2.  ,,  ,,  3  series  by  Thorpe  and  Laurie,  as  calculated 

by  themselves . .  .  .  19 6 ‘852 

3.  ,.  ,,  1  and  2,  giving  equal  value  to  each  ....  196’746 


Difficulties  to  he  overcome  in  Determining  the  Atomic  Weight  of  Gold. 

Besides  the  special  difficulties  connected  with  each  method  which  may  be  adopted, 
the  determination  of  any  high  atomic  weight  ^vith  a  degree  of  accuracy  wdiich  enables 
the  result  to  be  accepted  to  a  given  decimal  place  is  cleaiiy  a  much  less  easy  matter 
than  would  be  the  attainment  of  an  apparently  equal  degree  of  precision  for  an  atomic 
weight  represented  by  a  small  number.  In  obtaining  the  atomic  weight  of  lithium, 
the  first  with  which,  many  years  ago,  I  had  any  personal  experience,  a  difference  of 
unity  in  the  first  decimal  place  corresponded  to  about  7-,7th  of  the  whole  value  con¬ 
sidered  to  be  correct.  In  getting  the  atomic  weight  of  aluminum,  worked  on  later,  a 
like  difference  represented  approximately  -a^tli  of  the  whole  value.  But,  in  the  case 
now  considered,  of  the  atomic  weight  of  gold,  unity  in  the  first  decimal  place  moans 
but  about  TWi  ffih  of  tlie  whole  value.  So  that,  looking  at  the  matter  in  this  light,  it 
may  be  said  that  a  degree  of  precision  is  demanded  more  than  seven  times  as  great  as 
in  the  case  of  aluminum,  and  twenty-eight  times  as  great  as  in  the  case  of  lithium. 

There  is  also  to  be  noticed,  as  the  most  obvious  general  difficulty  to  which  all 
methods  for  determining  the  atomic  weight  of  gold  are  more  or  less  exposed,  the 
instability  of  compounds  of  this  metal  ;  not  merely  the  ease  with  which  complete 
decomposition  occurs,  with  separation  of  free  gold,  but  the  much  more  insidious  and 
less  easily  detected  troiible  arising  fi'om  the  comparative  ease  with  which  aurous  pass 
into  auric  compounds,  and  the  reverse. 


New  Experime nts  hy  the  Author. 

The  general  difficulties  just  alluded  to,  and  the  special  points  to  be  investigated  in 
regard  to  each  method  of  determination  tried,  have  demanded  much  time  and  work, 
and  I  cannot  feel  even  now  that  all  has  been  done  that  is  desirable  and  possible ;  but 
the  experiments  projected  have  been  so  far  completed  as  to  seem  to  justify  publication, 
and  I  am  not  likely  soon  to  be  able  materially  to  extend  them. 
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General  Principles  kept  in  View. 

The  improvements  made  of  late  years  in  manipulative  methods  and  apparatus  have 
tended  to  reduce  very  much  the  magnitude  of  what  are  commonly  called  “  fortuitous” 
errors  in  onr  quantitative  determinations  of  matter,  and  to  increase  greatly  the 
accuracy  of  such  determinations.  Probably  no  modern  work  has  had  more  influence 
in  this  direction  than  the  classic  researches  of  Stas  on  certain  atomic  weights — the 
precautions  taken  by  him,  and  his  remarkable  manipulative  skill,  causing  his  results 
to  bear  almost  the  same  relation  to  those  of  his  immediate  predecessors  as  did  those  of 
Berzelius  to  the  work  of  the  chemists  of  his  earlier  day.  No  one  nowadays  would 
undertake  the  determination  of  an  atomic  weight  of  one  of  the  better  known  elements 
without  taking  such  elaborate  precautions  as  practically  ensure  pretty  close  concord¬ 
ance  of  results,  when  obtained  by  the  same  method,  applied  in  the  same  hands.  In 
the  present  state  of  the  cj[uestion  of  atomic  weights  and  improvements  in  their  deter¬ 
mination,  advances  in  mere  delicacy  of  manipulation  and  success  in  merely  securing 
close  agreement  of  results  by  the  same  method  are  not  alone  sufficient.  It  cannot  be 
too  much  insisted  upon  that  w'e  need,  besides,  well-directed  and  laborious  investigation 
of  possible  sources  of  constant  errors,  and  the  adoption  of  means  to  guard  against 
them.  Careful  preliminary  study  is  required,  in  a  general  way,  of  the  precise  nature 
of  each  reaction  employed,  and  how'  it  may  be  influenced  by  the  conditions  of  the 
experiment.  We  learn  more  and  more  of  late  that  many  of  the  reactions — perhaps  it 
should  rather  be  said  all  of  the  reactions — which  have  been  generally  supposed  to  be 
of  the  simplest  nature  are  in  reality  complex. 

The  following  are  among  the  general  principles  which  seem  to  be  most  important, 
as  tending  to  greater  accuracy  and  trustworthiness  in  atomic  w'eight  determinations ; 
they  have  been  in  part  stated  in  the  author’s  earlier  paper  on  the  atomic  w^eight 
of  aluminum  : — 

1.  In  purifying  the  materials  used,  both  the  element  of  which  the  atomic  weight  is 
to  be  investigated  (or  any  special  compound  containing  it)  and  all  substances  used  to 
react  thereupon,  resort  should  in  all  cases  be  had  to  “  fractional”  methods,  assuming 
materials  to  be  pure  only  wdien  earlier  and  later  fractions  give  no  signs  of  any 
constant  difference  in  the  results  which  they  yield. 

2.  Different  and  independent  processes  should  be  applied  to  the  determination  of 
the  same  atomic  weight,  and  the  results  used  to  check  each  other.  It  is  desirable 
that  as  many  such  diffei’ent  processes  be  applied  as  can  be  devised,  provided  each  be 
reasonably  free  from  apparent  sources  of  error,  even  though  it  be  usually  impossible  to 
properly  assume  that  all  are  equally  advantageous  in  this  respect,  and  therefore  of 
eciual  value.  In  the  comparison  of  results  obtained  it  should  be  noticed  wdiether  a 
given  method  tends  on  the  whole  to  yield  results  probably  higher  or  lower  than  the 
truth,  though  it  may  be  gravely  doubted  whether  the  practice  is  commendable  of 
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attempting  any  nuraei'ical  estimate  of  relative  value,  by  so-called  “weighting”  of  the 
results  in  calculation. 

3.  In  connection  with  each  process  there  should  be  careful  study  of  the  reactions 
depended  upon  for  the  final  determination  of  an  atomic  weight,  looking  especially  to 
the  possibility  of  the  occurrence  of  secondary  or  subsidiary  reactions. 

4.  Each  process  adopted  should  be  as  simple  as  possible,  both  in  the  nature  of  the 
chemical  reaction  or  reactions  and  in  the  known  liability  to  merely  manipulative 
errors. 

5.  Each  process  should  be  carried  out  with,  in  some  experiments  larger,  and  in 
others  smaller,  quantities  of  material.  But,  on  the  whole,  the  quantities  used  should 
be  kept  within  such  limits  as  are  most  likely  to  admit  of  most  accurate  determinations 
being  had  under  the  conditions  of  the  special  process. 

6.  In  the  reactions  depended  upon  only  such  other  elements  should  be  concerned  as 
maybe  counted  among  those  of  which  the  atomic  weights  are  already  known  with  the 
nearest  approach  to  exactness. 

7.  It  is  particularly  desirable  that,  if  possible,  the  atomic  weight  to  be  investigated 
shall  be,  by  at  least  one  process,  compared  directly  with  that  of  hydrogen,  now  almost 
universally  taken  as  the  basis  for  the  whole  list  of  the  elements.  It  is  remarkable  for 
how  very  few  of  the  elementary  substances — not  more  than  three  or  four — this  direct 
comparison  has  heen  accurately  made. 

8.  In  the  greater  number  of  the  processes  available  for  atomic  weight  determina¬ 
tions  the  comparison  with  hydrogen  must  perforce  be  made  indirectly.  When  this  is 
the  case,  it  is  desirable  that  as  few  other  elements  as  possible,  the  assumed  atomic 
weights  of  which  will  have  to  be  taken  into  account,  shall  be  involved  in  each  single 
reaction  depended  upon. 

9.  In  selecting  different  processes  to  be  applied  to  the  determination  of  the  atomic 
weight  of  a  given  element,  in  order  that  the  results  may  check  each  othey  it  is  desir¬ 
able  that,  not  the  same,  but  as  many  different  other  elements  as  possible,  shall  be 
concerned  in  the  several  reactions,  provided  all  such  elements  count  amongst  those  of 
which  the  atomic  weights  may  be  considered  in  the  first  rank  as  to  the  accuracy  with 
which  they  are  known. 

Means  and  Aletliods  of  Weighing  Einployedi 

These  were  in  the  main  the  same  as  those  which  I  had  in  former  years  used  in 
determining  the  atomic  weight  of  aluminum. 

The  balance  chiefly  used,  made  by  Becker,  was  carefully  cleaned,  and  all  its  parts 
adjusted,  especially  as  to  the  position  of  the  centre  of  gravity  for  each  load  to  be 
used.  A  second  balance  by  the  same  maker,  of  larger  size,  capable  of  taking  a  load 
of  a  kilogramme  in  each  pan,  was  employed  in  weighing  certain  of  the  solutions 
experimented  on,  and  was  in  like  manner  carefully  adjusted  and  tested.  All 
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weighings  were  made  by  observation  of  the  oscillations  of  the  index  on  either  side  of 
the  position  of  rest.  A  difterence  of  weight  of  •0001  grm.  with  the  smaller  balance, 
and  '0002  grin,  with  the  larger  instrument,  was  easily  and  distinctly  observable  with 
any  load  which  the  research  required. 

The  same  kilogramme  weight  was  made  the  basis  of  a  comparison  with  all  my  other 
weights  which  had  been  before  used  in  the  same  way.  This  had  been  compared  at 
Washington  with  the  “star  kilogramme”  of  the  United  States  Coast  Survey,  the 
value  of  which  is  known  in  terms  of  the  original  “  kilogramme  of  the  Archives  ”  at 
Paris.  All  the  smaller  weights  were  carefully  rechecked  against  this  and  against  each 
other,  and  them  real  values  ascertained  as  referred  to  a  vacuum.  The  necessary 
determinations  were  made  of  the  specific  gravity  of  all  materials  and  vessels  which 
were  to  be  weighed,  and  the  barometer  and  thermometer  were  read  at  the  time  of 
each  weighing,  so  that  all  weights  recorded  in  this  paper  represent  real  values  in  vacuo. 
In  order  to  reduce  to  a  minimum  errors  due  to  varying  deposition  of  hygroscopic 
moisture,  vessels  of  like  material,  shape,  and  size  with  those  used  to  contain  substances 
to  be  weighed  were  used  as  tare. 


History  and  Mode  of  Purification  of  the  Gold  used  in  this  Research. 

Most  of  the  metal  needed  was  prepared  by  myself,  with  precautions  presently  to  be 
mentioned ;  a  part  was  obtained,  as  “  proof  gold,”  from  the  United  States  Mint  at 
Philadelphia  ;  another  part  from  the  United  States  Assay  Office  at  New  York  ;  and  a 
single  specimen  of  English  “  trial  plate  ”  gold  from  the  Royal  Mint  in  London. 

1.  Purification  of  Gold  hy  the  Author. — It  may  fairly  be  concluded  from  the  general 
history  of  the  gold  of  commerce  that  the  impurities  most  to  be  stlspected,  aiid  most 
requiring  special  precautions  for  their  removal,  are  silver  and  the  metals  of  the 
platinum  group.  My  joreliminary  experiments  led  me  to  believe  that  the  greatest 
difficulty  in  the  way  of  obtaining  perfectly  pure  gold  consists  in  getting  rid  of  the  last 
traces  of  silver,  the  chloride  of  this  metal  not  being  quite  insoluble  in  a  solution  of 
auric  chloride.  For  the  removal  of  silver,  I  have  chiefly  depended  upon  evaporation 
of  the  gold  solution  with  a  little  hydrobromic  acid,  followed  by  large  dilution  with 
water,  and  long  continued  clearing  by  subsidence.  As  regards  the  platinum  metals, 
my  results  agreed  substantially  with  those  of  Hoffmann  and  Kruss,*  but  I  have 
been  inclined  to  lay  some  stress  on  reduction  of  the  gold  from  its  solution  with  exclu¬ 
sion  of  light,  and  on  fractional  reduction,  using  only  the  middle  portion  thrown  down. 
I  avoided  altogether  the  use  of  ferrous  salts  as  reducing  agents,  in  view  ol  the  difficulty 
of  preparing  them  in  large  quantity  with  assurance  of  their  purity,  and  the  trouble  of 
thoroughly  washing  the  precipitated  gold.  For  the  final  precipitation  of  the  gold 
formic  acid  seemed  to  offer  real  advantages  ;  its  volatility  admits  of  easily  getting  it 


*  ‘  Liebig’s  Amialen,’  vol.  238,  p.  C6. 
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free  from  any  metallic  contamination,  and  the  reduction  is  more  easily  effected  than 
with  oxeJic  acid. 

Starting  with  United  States  gold  coin,  it  was  first  heated  to  bright  redness  in  a 
mutfie,  as  a  precaution  against  the  presence  of  any  traces  of  mercury,  and  to  remove 
any  grease,  &c.,  from  the  surface,  and  then  dissolved  in  a  mixture  of  pure  hydro¬ 
chloric  and  nitric  acids  in  the  right  proportions.  The  solution  was  evaporated  with 
excess  of  hydrochloric  acid  nearly  to  dryness,  the  auric  chloride  redissolved  in  a 
considerable  quantity  of  water,  and  the  solution  allowed  to  settle  for  four  or  five  days. 
The  greater  part  of  the  clear  licpiid,  drawn  off  with  a  syphon,  and  filtered  through 
very  fine  siliceous  sand,^  was  again  evaporated  nearly  to  dryness,  adding  towards  the 
end  a  few  drops  of  pure  sulphuric  acid,  in  case  of  the  conceivable,  though  unlikely, 
presence  of  such  traces  of  lead  as  this  might  reveal ;  much  pure  water  was  added,  the 
solution  again  cleared  by  subsidence  for  several  days,  and  the  greater  part  of  the  clear 
liquid  again  drawn  off  and  filtered.  This  solution  was  now  rendered  pretty  strongly 
acid  with  hydrochloric  acid,  and  fractionally  precipitated  by  sulphurous  acid  (SO3  was 
evolved  from  sodium  sulphite),  at  as  low  a  temperature  as  possible,  and  in  the  dark, 
putting  aside  the  first  and  last  portions  of  the  metal  thrown  down,  and  reserving  for 
further  treatment  the  (largest)  middle  portion.  The  gold  thus  obtained  was  well 
washed  with  water,  boiled  with  nitric  acid  alone,  again  washed,  boiled  with  hvdro- 
chloric  acid  alone,  again  washed,  dried,  and  heated  strongly  with  fused  acid  sulphate 
of  potassium  in  a  porcelain  crucible,  boiled  with  dilute  hydrochloric  acid,  and  then 
with  water.  The  metal  was  redissolved  in  aqua  regia,  the  solution  evaporated  nearly 
to  dryness,  with  addition  of  pure  hydrobromic  acid  towards  the  end,  very  largely  diluted 
with  water,  and'  allowed  to  stand  for  two  days,  well  protected  from  dust,  before  again 
syphoning  off  as  much  of  the  cleai'  portion  as  could  be  safely  removed  without  risk  of 
disturbing  the  remainder  at  the  bottom,  using  a  conical  precipitating  jar  with  greatest 
diameter  below,  and  filtering  the  liquid  through  siliceous  sand  as  before.  The  evapo¬ 
ration  with  hydrobromic  acid  was  repeated  twice  more,  and  the  clear  solution — allowed 
the  last  time  to  stand  a  month  before  being  syphoned  oft'  and  filtered — was  then 
reduced,  once  witli  oxalic  acid  (neutralizing  the  liquid  with  pure  sodium  hydroxide 
from  the  metal),  once  (after  re-solution)  with  sulphurous  acid,  and  once  with  formic 
acid,  washing  the  reduced  metal  well  each  time  before  redissolving  in  aqua  regia.  In 
the  first  and  second  of  these  reductions  a  little  of  the  metal  first  and  last  thrown 
down  was  rejected,  and  in  the  final  reduction  with  formic  acid  the  first  portion 
])recipitated,  about  one-fifth  of  the  whole,  was  reserved  for  use,  labelled  A,  a,  the 
middle  portion,  about  three-fifths,  was  labelled  A,  h,  and  the  last  portion,  the 
remaining  one-fifth,  was  also  preserved  for  use,  marked  A,  c,  so  that  it  might  be 
seen  whether  any  difference  in  the  character  of  the  metal  could  be  detected  in  the 


*  The  sand  was  carefully  purified  beforehand  by  boiling  with  nitric  and  hydi-ochloric  acid,  thorough 
washing  with  watei',  and  heating  to  redness  in  the  air. 
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atomic  weight  determinations.  All  of  tliese  fractions  received  a  very  thorough  final 
washinof  with  water. 

Such  part  of  the  purified  metal  as  was  to  be  used  in  the  })reparation  of  gold  com¬ 
pounds  was  not  fused,  but  was  heated  in  a  glazed  porcelain  tube  to  moderate  redness 
in  a  Sprengel  vacuum.  A  small  part  of  the  metal  used  in  the  free  state,  and  desired 
in  compact  form,  was  fused  in  a  perfectly  clean  14eaufaye  crucible  with  a  little  acid 
sulphate  of  potassium  and  borax,  the  button  flattened,  boiled  with  strong  nitric  and 
then  strong  hydrochloi'ic  acid,  thoroughly  washed  with  water,  and,  finally,  heated  in 
the  Sprengel  vacuum.  Throughout  the  long  process  of  purification,  and  especially 
towards  its  close,  the  most  scrupulous  care  was  taken  to  exclude  dust,  and  to  prevent 
grains  of  sand  from  the  bottoms  of  beakers  or  any  other  impurities  getting  into  the 
precipitated  gold,  upon  which  the  acids  used  would  not  act,  so  as  to  obviate  the  risk 
of  merely  mechanical  contamination,  which,  if  overlooked,  might  lead  to  that  being- 
weighed  as  part  of  the  gold  which  was,  in  fact,  foreign  to  it. 

2.  Purification  of  “Proof  Gold”  obtained  from  the  United  States  Mint  at  Phil¬ 
adelphia. — I  owed  to  the  kindness  of  Mr.  J.  B.  Eckfeldt,  Chief  As.sayer  to  the  Phil¬ 
adelphia  Mint,  a  liberal  supply  of  the  “  proof  gold  ”  used  in  checking  the  gold  assays 
there  made,  and  he  furnished  me  the  following  statement  of  the  manner  in  which  this 
purest  metal  is  prepared,  under  his  directions  : — “  The  best  cornets  from  the  gold 
assays  selected  a,nd  dissolved  in  aqua  regia.  Solution  evaporated,  with  additions  of 
HCl,  to  nearly  crystallization,  diluted  largely  with  water,  a^d  flowed  to  stand  for 
three  or  four  weeks.  About  seven-eighths  of  the  solution  drawn  off"  from  the  silver 
chloride,  and  passed  through  several  thicknesses  of  various  filters.  Solution  somewhat 
concentrated,  and  alcohol  and  potassium  chloride  added,  allowed  to  stand  for  some 
time  (precip.  traces  of  platinum*),  and  carefully  filtered.  Gold  precipitated  by 
addition  of  pure  ferrous  sulphate.  Reduced  gold  washed  repeatedly  in  boiling  HCl, 
until  washings  show  no  iron,  then  well  washed  in  pure  water.  Gold  dissolved,  and 
solution  evaporated  to  ciystallization,  with  rejjeated  additions  of  hydrobromic  acid,t 
diluted,  and  again  allowed, to  stand  for  some  time;  filtered.  Through  the  solution 
was  passed  pure  SO.,  until  all  the  gold  was  reduced  ;  washed.  Gold  again  dissolved, 
evaporated  with  HCl,  diluted,  and  oxalic  acid  added,  and  heated,  until  all  gold  is 
down.  Melted  in  white  clay  crucible  with  potassium  chlorate  and  nitrate,  afterwards 
with  pure  sodium  carbonate  and  borax.”  Mr.  Eckfeldt  also  informed  me  erbally 
that  the  proof  gold  thus  purified  is  cast  into  a  small  bar  in  a  perfectly  clean  and  bright 
cast-iron  mould;  the  bar  is  boiled  in  nitric  acid,  washed  and  dried,  rolled  between  fine 

*  The  platinum  of  South  American  native  gold,  and  of  scrap  gold  from  dentists,  is  at  the  Philadelphia 
Mint  separated  solely  by  alloying  -svith  enough  silver,  and  dissolving  out  the  latter  metal  with  nitric 
acid.  The  platinum  dissolves  with  the  silver. 

t  I  had,  many  months  before,  independently  adopted  and  used  hydrobromic  acid  to  remove  traces  of 
silver  more  effectually  than  by  hydrochloric  acid,  when  I  learned  from  Mr.  Eckfeldt  that  he  had  thus 
habitually  employed  it. 
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steel  rolls  quite  free  from  grease,  and  the  strip  finally  cleaned  for  use  with,  hot  hydro¬ 
chloric  and  then  nitric  acid. 

In  a  letter  of  later  date  he  wrote,  “  In  preparing  the  ‘  proof  ’  I  seldom  make  over 
10  oz,  in  one  lot ;  from  8  to  10  oz.  is  the  usual  amount.  There  is  comparatively  little 
trouble  in  making  999 ‘9  fine,  hut  beyond  that  it  is  rather  troublesome;  and  it  seems 
that,  with  all  the  care,  the  final  result  is  sometimes  a  little  in  doubt.  ” 

The  fine  gold  received  from  the  Philadelphia  Mint  is  designated  as  B  in  this  paper, 
in  connection  with  the  experiments  in  which  it  was  used. 

8.  Purification  of  “  Proof  Gold  ”  obtained  from  the  United  States  Assay  Office  at 
Neiv  York. — Br.  H.  G.  Torrey,  Chief  Assayer  in  this  office,  was  obliging  enough  to  let 
me  have  several  samples  of  his  finest  proof  gold,  used  in  checking  the  regular  assays 
in  his  department.  He  informed  me  that  this  proof  gold  was  independently  prepared 
at  New  York,  but  was  occasionally  compared  with  that  of  the  Philadelphia  Mint.  He 
furnished  the  following  bi’ief  statement  as  to  its  preparation — The  process  used  in 
preparing  the  gold  is  to  dissolve  ‘  cornets  ’  (or  gold  from  assays)  in  nitrodrydrochloric 
acid,  and  after  filtration  precipitating  by  oxalic  acid,  and  after  thorough  washing- 
melting  under  borax.  The  operation  is  conducted  with  the  utmost  care  throughout.” 

The  gold  from  this  source  is  designated  as  C  in  this  paper. 

4.  Gold  from  the  “  Trial  Plate  ”  of  Fine  Gold  of  the  English  Mint. — Professor 
PiOBERTS-Austen,  Chemist  to  the  Royal  Mint,  was  so  kind  as  to  let  me  have  a  specimen 
ol  a  few  grammes  of  gold  cut  from  the  trial  plate  of  the  pure  metal  prepared  by  him  in 
1873,  In  its  preparation  use  was  made  of  potassium  chloride  and  alcohol  to  separate 
any  platinum  present  in  the  original  material,  a  long  2:)eriod  of  subsidence  was  allowed  for 
the  deposit  of  any  silver  chloride  from  the  solution,  and  the  whole  process  was  applied 
on  a  large  scale,  resulting  in  the  purification  of  some  70  ounces  of  fine  gold,  of  which 
Professor  Roberts-Auster  himself  has  said  :  “  I  have  not  been  able  to  prepare,  or  to 
obtain  from  any  source,  gold  of  greater  purity,  even  in  small  quantities,”  It  seems, 
however,  that  the  apparent  standard  of  this  gold  was  slightly  reduced  in  rolling, 
the  finished  plate  being  counted  as  999 '95  fine  in  comparison  with  the  same  gold 
before  rolling.  A  memorandum  given  me  by  Professor  Roberts-Austen  states  that 
this  trial  plate  gold  is  999'98  fine  as  compared  with  the  purest  gold  obtained  by 
Btas  for  the  Belo-ian  Mint. 

This  specimen  of  English  trial  plate  gold  is  designated  as  D  in  the  present  papei-. 

All  the  samples  of  gold  received  from  others — B,  C,  and  D — were,  before  using 
them,  carelully  boile.d  in  nitric  acid  to  remove  any  })ossible  traces  of  silver  or  other- 
metal  derived  Irom  tlie  shears  used  in  cutting-  the  plates.  They  were  also  previously 
well  washed  with  ether,  to  remove  any  grease,  and  afterwards  with  pure  water,  and 
were  finally  heated  to  redness  in  the  Sprengel  vacuum. 

It  may  be  remarked,  in  advance,  that  I  have  not  been  able  to  trace  any  probable 
connection  between  the  history  of  the  several  samples  of  gold  used  and  the  values 
obtained  for  tlie  atomic  weight  of  the  metal.  Within  the  limits  of  accuracv  attained. 
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the  results  appear  to  have  been  sensibly  the  same  by  each  method  for  all  the  gold  used. 
Nor  is  there  apparent  in  the  results  of  Kruss,  or  those  of  Thorpe  and  Laurie,  any 
evidence  of  a  difference  fairly  traceable  to  the  nature  of  the  metal  employed  by  them. 

A  considerable  part  of  the  gold  prepared  by  myself  was,  after  having  once  served  for 
a  determination  of  the  atomic  weight,  redissolved  and  reprecipitated,  and  was  after¬ 
wards  more  than  once  used  in  subsequent  determinations,  and  yet  no  sign  was 
obtained  of  any  resulting  influence  upon  the  later  values  of  the  atomic  weight  as 
obtained,  evidence  being  thus  furnished  of  the  purity,  not  only  of  the  gold  itself,  but 
of  the  reagents  used  to  act  upon  it,  so  far  as  any  contamination  of  the  metal 
was  concerned.  It  may,  therefore,  be  concluded  with  reason  that  the  gold  used 
in  these  experiments  was  of  uniform  character,  and  uniformly  free  from  any  known 
impurities,  to  such  an  extent,  at  any  rate,  as  to  sensibly  change  the  results  obtained. 

It  is  to  be  noted  that  the  only  known  elements  havino-  hio-her  atomic  weio-hts  than 
that  of  gold  are  mercury,  thallium,  lead,  bismuth,  thorium,  and  uranium.  The 
presence  of  any  of  these  in  the  gold  experimented  on,  even  in  traces  too  minute  to 
weigh,  is  in  a  very  high  degree  unlikely.  The  presence  of  any  other  element  or 
elements  than  these  would,  for  analogous  compounds,  tend  to  lower  the  value  obtained 
for  the  atomic  weight  of  gold ;  so  that,  in  considering  the  chances  of  error  due  to  the 
nature  of  the  metal  used  as  gold,  we  should  be  inclined  to  say  that  the  risk  was 
rather  in  the  direction  of  too  low  than  too  hig^li  a  result  beinof  reached.  But,  if  the 
possibility  be  observed  of  compounds  not  analogous  being  erroneously  compared,  the 
contrary  error  will  be  seen  to  be  possible.  'Ihus,  in  case  the  composition  of  an  auric 
haloid  salt  obtained  from  a  given  amount  of  metallic  gold  should  be  examined,  if  any 
unsuspected  silver  were  present  there  would  be  required  for  the  same  amount  of  the 
halogen  three  atoms  of  silver  insstead  of  one  atom  of  gold,  and,  therefore,  the  apparent 
weight  of  gold  as  compared  with  that  of  the  halogen  would  be  increased  instead  of 
diminished,  and  a  higher  value  obtained  for  the  atomic  weight  sought. 

General  Precautions  Observed  in  the  Exi?eriments  for  Determination  of  the 

Atomic  Weight. 

All  the  reagents  used  were  prepared  or  purifled  by  myself,  and  most  carefully 
tested  for  any  traces  of  such  impurities  as  might  reasonably  be  suspected,  and  as 
could  affect  their  apjrlieation  to  the  piu'pose  in  view.  Particular  care  w'as  bestowed 
upon  the  examination  of  the  distilled  water,  acids,  and  other  materials  used  in  large 
quantity.  To  remove  organic  matter  from  the  water  required,  it  was  distilled  from  a 
small  amount  of  potassium  permanganate  and  sulphuric  acid. 

Scrupulous  care  to  exclude  atmospheric  dust  was  observed.  In  the  evaporation  of 
some  of  the  gold  solutions  the  process  was  carried  out  in  a  glass  bottle  of  considerably 
larger  capacity  than  the  volume  of  liquid  to  be  treated,  furnished  with  a  well  ground- 
glass  stopper  of  special  construction,  as  shown  in  figs.  I  and  2,  the  latter  representing 
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the  stopper  in  place.  Air,  purified  by  passing  through  a  red-hot  tube,  then  through 
a  solution  of  potassium  permanganate  and  sulphmic  acid,  and  dried  by  passing 
through  concentrated  sulphuric  acid  and  over  solid  potash,  was  introduced  by  the 
tube  a,  which  went  clown  to  near  the  level  of  the  hcjuid  to  be  evaporated,  while  this 
air,  charged  with  vapour  of  water  from  the  liquid,  was  withdrawn  through  the  tube 
h  by  means  of  a  water-jet  pump  ;  the  bottle  was  moderately  heated  by  immersion  to 
the  greater  part  of  its  height  in  a  water  bath. 


In  filtering  the  gold  solutions  no  paper  or  other  organic  material  was  used,  but  fine 
white  siliceous  sand,  previously  boiled  in  nitric  and  hydrochloric  acids,  washed  wdth 
water,  and  well  ignited  to  burn  off  any  organic  matter,  was  substituted,  supporting  it 
on  coarser  sand  and  larger  fragments  of  quartz,  similarly  purified,  and  the  whole 
arranged  so  as  to  prevent  the  possibility  of  any  sand  grains  being  mechanically  carried 
into  the  filtered  liquid.  Vessels  of  hard  glass  and  Berlin  porcelain  were  employed. 
Care  was  taken  to  work  in  a  clean  laboratory  atmosphere,  free  from  gases  or  vapours 
which  might  affect  the  materials  dealt  with. 


First  Series  of  Experiments. 

A  neutral  solution  of  auric  chloride  was  prepared  by  cautiously  heating  auric 
chloride,  made,  as  suggested  by  Julius  Thomsen,  by  the  direct  action  of  pure 
chlorine  upon  finely  divided  metallic  gold,  until  such  an  amount  of  chlorine 
had  been  given  off  that  on  treating  the  residual  material  vfth  modei’ately 
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warm  water,  metallic  gold  only  remained  imdissolved,  which  was  then  filtered  off. 
This  neutral  solution  having  been  rendered  uniform  by  agitation,  two  approximately 
equal  portions  of  it  were  weighed  off,  using,  of  course,  stoppered  vessels  to  prevent 
evaporation  during  the  weighing.  From  one  of  these  portions  the  gold  was  thrown 
down  in  the  metallic  state  by  pure  sulphurous  acid  with  the  aid  of  heat,  carefully 
collected,  well  washed,  dried,  ignited  in  a  Sprengel  vacuum,  and  weighed.  To  the 
other  portion  there  was  added  the  carefully  prepared  solution  in  a  minimum  of  nitric 
acid  of  an  accurately  weighed  quantity  of  pure  silver,  a  little  more  than  equivalent  to 
the  chlorine  present,  the  liquid  and  precipitate  digested  together  for  a  considerable 
time  with  gentle  warming  in  a  stoppered  glass  flask,  well  agitated  from  time  to  time, 
and  the  precipitate  (of  silver  chloride,  containing  also  the  gold)  filtered  off  upon 
siliceous  sand,  and  thoroughly  washed,  avoiding  throughout  the  decomposing  influence 
of  light.  The  clear  filtrate  was  nearly  neutralized  with  pure  sodium  hydroxide  (from 
metallic  sodium),  evaporated  down  to  a  small  bulk,  using  the  vessel  represented  in 
fig.  2  (p.  410),  and  finally  the  remaining  silver  was  determined  (with  all  the  needful 
precautions  of  the  silver  assay)  by  means  of  a  weigfied  quantity  of  a  weak  solution  of  pure 
hydrobromic  acid  standardized  against  pure  silver.  This  mode  of  determining  chlorine 
by  means  of  silver  and  hydrobromic  acid  was  suggested  to  me  in  a  letter,  of  the 
27th  January,  1887,  with  which  I  was  favoured  by  M.  Stas,'"  who  advocates  it  as 
the  most  exact  process  available,  d'he  pure  silver  required  was  prepared  in  the  same 
way  as  that  used  in  my  experiments  on  the  atomic  weight  of  aluminum,t  and  was 
heated  in  the  Sprengel  vacuum  to  remove  all  occluded  gas.  The  hydrobromic  acid 
was  prepared  as  directed  by  Stas  in  his  published  paper — “  De  la  determination  du 
rapport  proportioiinel  entre  I’argent,  les  chlorures  et  les  bromures.”J 

In  reporting  the  results  obtained,  the  quantity  of  gold  stated  is  that  actually 
weighed,  but  the  quantity  of  silver  corresponding  thereto  has,  for  the  sake  of 
simplicity,  been  given  as  that  required  for  an  exactly  equal  quantity  of  the  auric 
chloride  solution,  while,  as  stated  above,  the  quantity  of  liquid  weighed  off  was  very 
nearly,  but  not  exactly,  equal  to  that  from  which  the  gold  was  thrown  down,  the 
difference  being  allowed  for  in  calculation. 

With  this  explanation  the  results  of  the  first  series  of  experiments  were  as 
follows  : — 


*  In  this  letter  M.  Stas  says,  “  Je  me  permets  de  vous  recommander  I’emploi  de  I’acide  bromhydriqne 
pour  la  precipitation  de  I’ai-gent  reste  dans  nn  liqnide  apres  nne  double  decomposition  operee  a  I’aide  d’un 
chlorure  et  d’un  sel  d’argent.  On  reussit  a  condition  que  Lean  mere  renferme  nn  exces  d’argent  dont  le 
poids  est  le  triple  du  metal  qui  pent  rester  eu  solution  a  I’etat  de  chlorure  d’argent.” 
t  ‘Phil.  Trans.,’  1880,  p.  1020. 

X  ‘  Memoires  de  I’Acad.  Royale  des  Sciences  de  Belgique,’  vol.  43,  1882. 
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Experiment. 

Character  of 
gold  used. 

Gold. 

Silver  required  to 
precipitate  Cl. 

I. 

A,  a 

grm. 

7'6U75 

^rm. 

12  4875 

H. 

A,  b 

8-4212 

13-8280 

III. 

B 

6-9407 

11-3973 

IV. 

A,  c 

3-3682 

5-5286 

V. 

C 

2-8244 

4-6371 

In  regal’d  to  conceivable  sources  of  error  connected  with  this  method,  it  is  to  be 
observed  that,  in  preparing  the  original  auric  chloride  solution,  if  there  should  be  any 
reaction  between  this  o’old  salt  and  the  water,  leadino:  to  the  formation  of  traces  of 
hydrogen  auri-chloride  and  precipitation  of  a  little  auric  oxide  or  hych’oxide,  w’hich 
might  escipe  observation  in  admixture  with  the  metallic  gold  left  undissolved,  the 
tendency  would  be  to  lower  the  atomic  weight  found  for  gold.  If,  by  reaction 
between  this  residual  metallic  gold  and  the  auric  chloride  solution,  any  traces  of 
aurous  chloride  were  produced  and  taken  up  by  the  solution  of  the  higher  chloride, 
the  effect  would  be  to  raise  the  appai’ent  value  of  the  atomic  weight.'” 

If,  in  the  reaction  of  the  silver  solution  \ipon  that  of  auric  chloride,  wdth 

drawal  of  chlorine  should  lead  to  the  formation  of  any  traces  of  aurous  chloride, 
precipitated  along  with  the  chloride  of  silver,  and  not  afrerwards  decomposed  during 
the  digestion  of  the  precipitate  with  the  remaining  solution,  the  resulting  error  would 
also  be  in  the  direction  of  too  high  an  atomic  weight.  The  probability  of  the  last 
supposition  is  dimimshed  by  an  excess  of  silver  for  the  whole  amount  of  chlorine 
pre.sent  having  been  added  at  once.  It  is  not  very  likely  that  any  one’  of  these 
defects  actually  belongs  to  the  method  and  affects  its  results  to  a  sensible  extent.  Of 
the  three  I  should  be  more  inclined  to  suspect  the  possibility  of  the  second  than 
either  of  the  two  others. 

Second  Series  of  Experiments. 

A  neutral  solution  of  auric  bromide  was  prepared  by  a  like  process  to  that  used  in 
making  the  auric  chloride  of  the  first  series  :  acting  upon  pure  metallic  gold  with  pure 
bromine  (prepared  with  the  precautions  recommended  by  Stas),  evaporating  the 
solution  to  dryness  out  of  reach  of  dust,  cautious  heating  of  the  residue,  re-solution 
of  auric  bromide,  and  filtration  from  undissolved  metallic  gold. 

Two  nearly  equal  portions  of  the  solution  were  accurately  w^eighed  off,  and  treated 
as  described  above  :  in  one  reducino’  the  ffold  to  the  metallic  state  and  determinino-  its 

O  &  O 

weight ;  treating  the  other  with  a  small  excess  of  silver  in  solution  as  nitrate,  filtering 
off  the  precipitate,  concentrating  the  filtrate  with  the  preca.utions  already  described, 
and  determining  in  it  the  excess  of  silver  by  means  of  hydrobromic  acid. 

*  These  two  remarks  apply,  of  course,  also  to  Kruss’s  first  series  of  experiments. 
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Pteducing  the  amounts  of  silver  actually  used  to  the  corresponding  quantities  for 
portions  of  auric  bromide  solution  exactly  equal  to  those  from  v/hich  in  each  case  the 
gold  was  obtained,  the  results  in  six  experiments  stood  as  follows  ; — 


Experiment. 

Char  mte*'  of 
gold  used. 

Gold.  ' 

Silver  required  to 
precipitate  Br. 

sirni. 

grm. 

T. 

A,  h 

8-2;345 

13-5  J  49 

H. 

A,  c 

7-6901 

1-2-6-251 

Ilf. 

B 

10-5233 

17-2666 

IV. 

A,  a 

2-7498 

4-5141 

V. 

C 

3-5620 

5-8471 

VI. 

A,  h 

3-9081 

6-4129 

In  these  experiments  the  sources  of  constant  errors  which  suggest  themselves  as 
possible  are  essentially  similar  to  those  for  the  first  series;  but,  if  any  such  really  exist, 
there  is,  of  course,  the  likelihood  of  some  difference  being  introduced  by  the  substi¬ 
tution  of  bromine  for  chlorine.  Hence  the  desirability  of  multiplying  experiments  in 
this  modified  form. 


Third  Series  of  Experiments. 

For  these  experiments  potassium  auri-bromide  was  prepared  with  great  care  from 
an  excess  of  metallic  gold  treated  with  bromine  and  potassium  bromide,  purified  in 
accordance  Vvdth  Stas’s  suggestions,  and  the  double  salt  five  times  recrystallized  The 
last  crystallization  was  conducted  fractionally,  in  closed  vessels,  with  special  care  to 
exclude  dust,  by  gradual  but  pretty  rapid  cooling  with  agitation,  and  the  earlier  and 
later  portions  separated  out  were  kept  apart  in  after  use. 

For  each  atomic  weight  determination  an  un weighed  quantity  of  this  potassium 
auri-bromide  was  dissolved  in  water,  the  solution  rendered  uniform  by  agitation,  and 
divided  into  two  nearly  equal  parts,  which  were  severally  weighed  with  accuracy,  and 
in  one  the  gold  reduced  to  metal  as  in  the  experiments  of  the  first  and  second  series, 
and  in  the  other  the  total  bromine  precipitated  by  silver  solution  as  before,  the  com- 
})arison  being  made  once  more  between  the  weight  of  the  gold  and  that  of  the  silver 
equivalent  to  the  bromine  (m  this  case  representing  4  atoms)  existing  in  the  double 
bromide. 

Again  stating  the  quantities  of  silver  corresponding  to  portions  of  the  auri-bromide 
solution  exactly  equal  to  those  used  in  determining  the  gold,  the  following  were  the 
results  obtained  :  — 
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Experiment. 

Character  of 
gold  used. 

Fraction  of  crystahized 
auri-bromide  used. 

Gold. 

Silver  required  to 
precipitate  Br. 

I. 

A,  b 

First 

grm. 

5*7048 

arm. 

12A851 

11. 

A,  b 

Second 

7 '96 12 

17-4193 

TTI. 

B 

First 

2‘4455 

5-3513 

IV. 

B 

Second 

4T632 

9-1153 

Of  the  tendencies  to  constant  error  which  may  be  imagined  in  connection  with  the 
experiments  of  the  first  two  series,  and  which  have  been  noticed  above,  the  first  may 
probably  be  considered  as  not  applying  to  the  method  2:)ursued  in  this  third  series, 
while  the  second  and  third  might  still  be  applicable.  But  the  superior  stability  of 
the  double  salt  constitutes  an  advantage  in  its  favour,  and,  as  it  formed  the  chief 
material  for  the  experiments  of  Kruss  and  of  Thorpe  and  Laurie,  a  comparison 
with  their  results  is  desirable,  the  mode  of  treatment  pursued  by  me  in  ascertaining 
the  composition  of  the  salt  not  having  been  quite  the  same  as  that  used  by  these 
chemists. 


Fom'th  Series  of  Experiments. 

A  weighed  quantity  of  trimethybammonium  auri-chloride  [N(CH3)3HAuCl4,] 
was  decomposed  by  heating  in  the  air,  and  the  weight  of  the  residual  metallic  gold 
determined.  This  trimethylamine  salt  was  selected  because  the  base  is  of  simple  and 
well  established  constitution,  and  may  with  reasonable  probability  be  counted  upon 
as  obtainable  in  a  state  closely  approaching  purity,  and  because  the  gold  salt  is  easily 
crystallized,  possesses  a  considerable  degree  of  stability,  and  contains  approximately 
lialf  its  weio'ht  of  e’old,  so  as  to  offer  the  most  favourable  chance  of  detenninino'  with 
accuracy  the  ratio  between  the  metal  left  behind  and  the  sum  of  the  remaining 
constituents  driven  off  on  ifjnition.  Althouo’h  its  use  in  fixino-  the  atomic  weio-ht  of 

O  O  O 

gold  involves  the  atomic  weights  of  three  other  elements — carbon,  nitrogen,  and 
chlorine — all  three  of  these  constants  deserve  to  be  ranked  amongst  those  already 
known  with  the  nearest  approach  to  precision  at  present  attainable. 

In  order  to  obtain  pure  trimethyl-ammonium  chloride,  the  impure  commercial  salt, 
derived  from  the  vinasse  of  beet-root  sugar  making,  was  used,  first  setting  free  and 
di Tilling  off  a  considerable  cjuantity  of  trimethylamine  and  condensing  at  about  the 
right  temperature,  and  subsequently  purifying  the  product  by  Hofmann’s  metbod  of 
treatment  with  etliyl  oxalate  and  renewed  distillation.  The  purified  trimethylamine 
was  several  times  fractionally  distilled,  and  the  portion  of  correct  and  most  constant 
boiling-point  finally  neutralised  with  pure  hydrochloric  acid.  The  concentrated  solu¬ 
tion  of  trimethyl-ammonium  chloride  was  now  precipitated  by  a  strong  solution  of 
auric  chloride,  the  mother  liquor  decanted  off,  and  the  gold  salt  redissolved  in  hot 
water,  and  recrystallized  several  times.  The  bright  yellow  crystalline  powder  was 
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dried,  first  over  sulphuric  acid  and  afterwards  over  phosphorus  pentoxide,  until  it 
ceased  to  lose  weight ;  towards  the  end  of  the  drying  the  temperature  of  the  vessel 
was  raised  to  about  50°  0.  Preliminary  experiments  seemed  to  indicate  the  probable 
existence  of  this  salt  crystallized  with  a  single  molecule  of  wmter,  but  most  of  that 
prepared  contained  no  constituent  water,  and  it  appeared  easy  to  attain  complete 
drying  without  any  decomposition  of  the  salt  itself.  Throughout  its  treatment  the 
salt,  which  was  not  in  any  high  degree  hygroscopic,  wms  well  guarded  from  dust  and 
from  any  possible  decomposing  effect  of  light. 

The  portion  of  the  salt  to  be  used  in  eacli  experiment  was  contained  in  a  small 
glass-stoppered  weighing  flask,  which  was  removed  just  before  it  wms  needed  from  the 
phosphorus  pentoxide  desiccator,  the  stopper  having  been  inserted  ;  the  flask  was 
weighed,  the  greater  part  of  its  contents  transferred  quickly  to  a  weighed  porcelain 
crucible,  the  stopper  at  once  replaced,  and,  the  flask  being  again  weighed,  the 
quantity  of  gold  salt  taken  from  it  was  found  by  difference. 

In  order  to  avoid  mechanical  loss  by  spattering  on  igniting  the  crucible  and  its 
contents,  the  auri-chloride  lying  together  at  the  bottom  of  the  crucible  was  covered 
by  a  layer,  nearly  a  centimetre  deep,  of  clean,  carefully  purified,  and  just  previously 
well-ignited  siliceous  sand,  the  weight  of  this  sand  being  known  by  taking  it  from  a 
weighing  flask  in  which  it  had  been  cooled  over  phosphorus  pentoxide,  and  noting 
the  loss  of  weight  of  this  flask.  In  applying  heat  to  the  crucible  and  its  contents  it 
was  found  necessary  to  heat  gently  for  a  long  time,  raising  the  temperature  slowdy,  in 
order  to  prevent  extensive  charring  at  the  bottom.  Then,  before  the  temperature 
had  become  too  high,  but  after  a  considerable  part  of  the  volatile  matter  had  been 
driven  off,  the  sand  was  carefully  stirred  in  with  the  remaining  material  so  as  to 
produce  pretty  uniform  mixture,  in  order  that  the  gold  might  not  undergo  partial 
welding  together  at  a  higher  temperature,  which  might  have  led  to  wrapping  up 
particles  of  carbon  and  their  protection  from  combustion.  In  this  operation  a  very 
small  porcelain  stirrer  was  used,  as  a  platinum  wire  would  have  welded  on  and  taken 
up  some  of  the  metallic  gold  ;  the  weight  of  this  stirrer  was  determined  in  advance, 
and  checked  after  use.  Finally,  the  contents  of  the  crucible  were  submitted  to  very 
careful  and  prolonged  heating  to  moderate  redness,  with  free  access  of  air  and  occa¬ 
sional  cautious  stirring,  so  as  to  burn  away  every  trace  of  carbon.  After  cooling  in  a 
desiccator,  the  crucible  and  its  remaining  contents  were  weighed,  giving  the  weight  of 
the  i-esidual  gold  by  subtraction  of  the  weights  of  the  crucible  itself  and  the  siliceous 
sand.  As  an  additional  safeguard  against  any  particles  of  carbon  left  unburned 
escaping  detection,  the  gold  was  afterwards  dissolved  out  with  aqua  regia,  and  the 
white  sand  carefully  looked  over  with  a  lens. 

The  results  of  five  experiments  thus  conducted  were  as  follows  : — ■ 
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Expeiiment. 

Character  of 
gold  used. 

Character  of  gold  salt  used. 

Salt  ignited. 

Residual  gold. 

Loss  by  ignition,  j 

I. 

A,  h 

Earlier  crop  of  crystals  . 

giun. 

i4-yo72 

grm^ 

—  /  3  /  o4^ 

grm.  ' 

=  7-5318  : 

II. 

A,  h 

AJicIcIIg  ,,  ,, 

15'52d3 

-  7-6831 

==  7-8432 

HI. 

A,  h 

La.st  „  ,,  ,, 

10-4523 

-  5-1712 

=  5-2811 

IV. 

C 

Middle  ,,  „  „ 

6-5912 

-  3-2603 

=  3-3309 

V. 

C 

Tjixst  ,,  ,,  )) 

5-5744 

—  2-^579 

=  2-8165 

In  these  experiments  the  most  probable  source  of  error  may  be  fairly  taken  as 
arising  from  the  presence  of  traces  of  methyl-ammonium  or  dimethyl-ammonium  auri- 
chloride  with  the  trimethyl-ammonium  salt.  I  know  of  no  direct  evidence  that  any 
such  impurity  was  present,  and  the  absence  of  any  such  evidence  in  the  results  from 
the  earlier  as  compared  with  the  later  crops  of  crystals  rather  tells  against  the  suppo¬ 
sition  of  its  presence,  but  one  cannot  feel  certain  of  its  entire  absence.  If  present,  its 
effect  would  be  to  raise  the  atomic  weight  obtained  for  gold.  It  is  also  conceivable 
that  there  may  have  occurred  volatilization  of  gold  to  a  minute  extent  as  auric  chloride, 
in  accordance  with  the  observation  of  Kruss  that  this  salt  may  be  sublimed  in  small 
quantity  at  moderate  temperatures  in  a  stream  of  chlorine  ;  but,  there  being  no  such 
stream  of  chlorine  in  these  experiments,  and  on  the  contrary  the  decomposing  action 
of  the  hydrogen  of  the  triniethylamine  salt,  this  does  not  seem  likely;  the  effect 
would,  of  course,  be  to  raise  the  atomic  weight  obtained  for  gold.  Another  possible 
cause  of  error  might  consist  in  imperfect  drying  of  the  gold  salt  used,  but  the 
constancy  of  weight  attained  on  drying  renders  it  unlikely  that  any  other  than 
extremely  minute  error  should  come  of  this,  though  not  altogether  excluding  the 
possibility  of  its  occurrence  ;  its  tendency  vrould,  of  course,  be  to  lower  the  atomic 
weight  obtained.  Any  trouble  from  hygroscopic  moisture  on  the  surface  of  the 
porcelain  crucible  and  sand  was,  I  tliink,  satisfactorily  guarded  against  by  the  use  of 
a  corresponding  tare  crucible,  and  by  more  than  one  weighing  after  a  near  approach 
to  the  true  figures  had  been  obtained,  the  crucibles  having  meanwhile  been  restored 
to  the  desiccator  and  kept^  therein  for  some  time.  The  precautions  taken  seemed  to 
afford  sufficient  protection  against  any  merely  mechanical  loss  during  the  ignition. 

Fifth  Series  of  Experiments. 

In  these  experiments  an  attempt  was  made  to  determine  the  ratio  between  the 
weights  of  metallic  gold  and  metallic  silver  deposited  by  the  passage  of  one  and  the 
same  electric  current  successively  through  solutions  of  the  two  metals.  The  simplicity 
and  accuracy  with  which  the  direct  weighings  may  be  made  seemed  to  present  decided 
advantage,  but  various  difficulties  were  encountered,  and,  after  the  expenditure  of  a 
very  large  amount  of  time  and  labour  upon  the  method,  it  cannot  be  said,  on  the 
whole,  to  have  satisfied  me  with  its  results. 
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While  taking’  due  note  of  the  recent  literature  on  the  subject  of  the  quantitative 
electro-deposition  of  metals  from  their  solutions,  especially  the  reports  of  work  hy 
A.  Classen,'"  Lord  Rayleigh  and  Mrs.  Sidgwick,!  Dr.  Gore,|  Thos.  Gray,§  and 
W.  N.  SHAW,i|  the  author  of  the  present  paper  made  for  himself  a  somewhat  extended 
preliminary  examination  of  the  effect  of  varying  conditions  on  such  depositions,  so  far 
at  least  as  seemed  to  be  required  for  his  immediate  purpose. 

The  general  arrangement  of  apparatus  adopted  consisted  of  a  horizontal  strip, 

4  mm.  thick,  of  vulcanite,  or  hard  vulcanized  india-rubber,  about  26  cm.  long  hy  3  cm. 
wide,  near  each  end  of  which  and  in  the  middle  of  the  width  were  two  small  holes, 
through  which  passed  short  bits  of  brass  rod,  each  having  attached  to  it  above  a 
binding  screw,  and  below  a  forceps-like  clip,  which  could  be  opened  by  pressure  on 
two  little  outside  studs,  but  closed  firmly,  on  release  of  this  pressure,  by  the  elasticity 
of  the  metal.  In  these  clips  were  supported  the  plates  of  metal  to  be  immersed  in 
the  electrolysed  solutions,  and  to  serve  as  anode  and  cathode  terminals  respectively, 
there  being  two  pairs  of  such  plates,  one  pair  near  each  end  of  the  vulcanite  strip, 
with  four  corresponding  binding  screws.  The  electric  current  passed  from  the  first 
binding  screw  through  one  of  two  metallic  solutions — as,  for  instance,  that  containing 
gold — between  the  first  pair  of  plates,  consisting  of  the  same  metal  as  that  in  this 
solution,  then  from  the  second  binding  screw  to  the  third  (at  the  other  end  of  the 
vulcanite  strip)  by  a  stout  copper  wire  above,  and  then  through  the  second  of  the  two 
solutions — as,  for  instance,  that  of  silver — between  the  second  pair  of  plates,  consisting 
again  of  the  same  metal  as  that  in  the  solution  in  which  they  were  immersed,  thus 
reaching  the  fourth  and  last  binding  screw,  the  first  and  last  binding  screws  being,  of 
course,  connected  hy  wires  with  the  terminals  of  the  galvanic  cells  used  to  develop 
the  current.  Fig.  3  shows  the  disposition  in  question.  The  source  of  the  electric 
current  was  for  the  most  part  galvanic  cells  of  the  Meidinger  pattern,  hut  in  some  of 
the  experiments  small  Daniell  cells,  and  also  a  Clamond  thermo-electric  battery,  were 
used.  The  lower  parts  of  the  clips  were  heavily  electroplated  with  the  same  metal  as 
that  in  the  solution  to  which  they  respectively  belonged,  in  order  to  avoid  any  risk  of 
contamination  of  the  solution,  in  case  there  should  be  spattering  or  accidental 
immersion,  even  for  a  moment,  of  any  part  of  the  clip. 

It  was  decided  to  place  the  plates  vertically  in  the  liquids,  but  to  make  the  vertical 
height  small  in  proportion  to  width,  so  as  to  preserve  as  far  as  possible  a  uniform 
condition  of  the  solution  in  depth.  The  form  adopted  for  the  plates  was  that  of  fig.  4, 
the  shaded  part  of  the  surface  being  coated  with  hard  paraffine,  with  a  view  to 

*  A.  Classen,  ‘  Quantitative  Cliemische  Analyse  durch  Electrolyse,’  2* * * §^®  aufl.,  Berlin,  188G. 

t  ‘  Phil.  Trans.,’  1884,  p.  411. 

I  ‘  Nature,’  March  16,  1882  ;  Feb.  1  and  Feb.  15,  1883. 

§  ‘  Phil.  Mag.,’  Nov.,  1886,  p.  389;  and  March,  1888,  p.  179. 

II  ‘  Phil.  Mag.,’  Feb.,  1887,  p.  138. 

MDCCCLXXXIX. - A.  3  H 


418 


PROFESSOR  J.  W.  MALLET  ON  THE  ATOMIC  M'EIGHT  OF  GOLD. 


preventing  the  strip  by  which  the  anode  plate  was  suspended  from  its  clip  being  cut 
across  by  solvent  action  at  the  surface  of  the  liquid.  This  coating  of  paraffine  was 
put  on  after  the  plates  wmre  first  weighed,  and  carefully  removed  before  the  second 
weighing.  The  four  plates  for  each  experiment  were  of  equal  size  as  to  length  and 
breadth  ;  in  most  of  the  experiments  the  immersed  surface  (of  one  side)  measured 
about  25  square  centimetres,  though  in  some  cases  plates  of  double  this  size  were 
used.  The  thickness  was  the  same  for  plates  of  the  same  metal,  but  those  of  the 


Fig.  3. 


Fig.  4. 


different  metals  to  be  compared  were  made  to  differ  in  thickness  to  such  an  extent  as 
to  allow  for  the  different  rate  of  solution  to  be  expected  of  the  anode  plate.  I  was 
indebted  to  the  kindness  of  Mr.  Eckfeldt,  of  the  Philadelphia  Mint,  for  having  plates 
of  “  proof”  gold  and  silver  specially  rolled  for  me,  with  all  necessary  precautions  as  to 
perfect  cleanliness  of  the  rolls,  &c.,  so  as  to  obtain  the  determinate  thicknesses 
desired.'" 

*  Mr.  Eckfeldt  informed  me  that  his  method  of  preparing  the  proof  silver  used  for  these  plates  was  as 
follows: — “Nitrate  of  silver  from  the  gold  assay  pai-ting  is,  after  careful  filtering,  precipitated  with 
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By  heating  in  a  Sprengel  vacuum  I  found  traces  of  oxygen  in  the  rolled  silver 
plates,  and  extremely  minute  traces  of  gas,  apparently  also  oxygen,  were  likewise 
obtained  from  the  gold  plates,  before  either  had  been  used. 

The  middle  of  the  vulcanite  strip  was  supported  at  a  suitable  heiglit,  so  as  to  allow 
of  equal  immersion  of  tbe  two  pairs  of  plates  in  their  respective  solutions,  which 
were  contained  in  small  vessels  of  good  hard  glass,  free  from  lead.  Care  was  taken 
to  keep  the  vulcanite  strip  dry,  so  that  there  should  be  no  practical  defect  of  insula¬ 
tion  between  the  two  plates  of  each  pair ;  the  necessity  for  this  precaution  having 
been  shown  in  some  of  the  very  early  preliminary  experiments  with  copper  plates, 
using  a  wooden  supporting  strip  ;  some  puzzling  results  being  traced  back  to  a  little 
accidental  moistening  with  sulphate  of  copper  solution  of  the  part  of  the  strip 
between  one  pair  of  plates,  while  those  of  the  other  pair  were  well  insulated  as  to  the 
strip  from  which  they  hung. 

In  all  the  experiments  the  two  pairs  of  plates,  previously  ignited  in  the  Sprengel 
vacuum,  cooled,  and  weighed,  were  placed  in  position  in  the  clips,  the  distance  between 
the  parallel  surfaces  of  the  plates  of  each  pair  being  the  same,  and  in  most  of  the 
experiments  measuring  about  2 '5  cm.,  and  connection  was  made  with  the  terminals  of 
the  galvanic  cell  or  cells  used  before  immersion  of  the  plates  in  the  metallic  solutions. 
All  four  plates  were  immersed  at  the  same  moment,  and  at  the  end  of  the  experiment 
were  in  like  manner  lifted  out  of  the  solutions  at  the  same  moment,  before  the  current 
had  been  broken.  They  were  immediately  introduced  into  one  after  another  of  several 
portions  of  distilled  water,  before  removal  from  the  clips,  thorough  washing,  heating 
in  the  Sprengel  vacuum,  and  final  weighing. 

A  preliminary  course  of  experiments  was  carried  out  with  plates  of  pure  electrotype 
copper  (both  pairs)  in  solutions  of  cupric  sulphate,  in  order  to  test  the  effects,  if  any, 
of  the  following  differences  in  the  conditions  of  the  two  electrolysis  cells  compared. 

1.  Effect  of  Difference  in  the  Degree  of  Concentration  of  the  Two  Solutions. — The 
solution  in  one  of  the  two  vessels  in  which  the  plates  were  immersed  being  made  to  con¬ 
tain  but  one-tenth  the  proportion  of  cupi’ic  sulphate  existing  in  the  other,  acidification 
and  all  other  conditions  being  tbe  same  for  both,  only  a  very  minute  difference  was 
found  between  the  quantities  of  copper  deposited  in  the  same  time  on  the  two  cathode 
plates,  and  the  difference  was  not  invariably  in  the  same  direction.  The  tendency 
however,  seemed  on  the  whole  to  be  toward  a  slightly  larger  amount  thrown  down 


hydrochloric  acid,  and  the  chloride  of  silver,  after  a  thorough  washing  with  pure  water,  is  dried  and 
reduced  in  the  melting  pot  with  pure  carbonates  of  soda  and  potash  and  carbon  in  the  shape  of  wheat 
flour,  the  melting  being  done  in  a  clay  crucible.  The  resulting  silver  bar  is  then  dissolved  in  dilute 
nitric  acid,  and  after  standing  some  time  filtered,  precipitated,  and  reduced  as  before  ;  then  remelted 
with  the  addition  of  pure  nitrate  of  potash  and  borax.  This  generally  gives  a  bar  somewhat  brittle 
(crystalline  in  fracture).  It  is  then  remelted,  and  stirred  with  a  pine  stick,  and  chloride  of  ammonium 
added;  when  the  chloride  has  disappeared  the  metal  is  poured.  I  find  this  method  more  satisfactory 
than  any  other  1  have  tried.” 


3  H  2 
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from  the  stronger  than  from  the  weaker  solution.  In  every  case  there  was  decidedly 
more  copper  dissolved  from  the  anode  than  was  deposited  on  the  cathode  plate. 

2.  Effect  of  Difference  in  Acidity  of  Two  Solutions,  otherwise  of  the  Same  Strength. — 
With  the  same  proportion  of  cupric  sulphate  in  both  solutions,  one  was  made  to 
contain  but  one-tenth  as  much  free  sulphuric  acid  as  the  other ;  all  other  conditions 
remained  the  same  for  both.  As  before,  the  difference  of  result  was  insignificant,  and 
somewhat  variable  in  direction,  wuth  an  apparent  tendency  towai’ds  a  very  slightly 
greater  deposit  on  the  cathode  plate  in  the  less  acid  as  compared  with  the  more  acid 
solution.  As  before,  there  was  in  every  case  a  distinctly  greater  loss  of  copper  from 
the  anode  than  gain  on  the  cathode  plate,  especially  in  the  more  acid  solution. 

3.  Effect  of  Difference  in  Temperature  of  the  Two  Solutions. — The  proportion  of 
cupric  sulphate  and  of  free  acid  being  the  same  for  both  solutions,  and  all  other 
conditions  the  same,  one  of  the  two,  however,  being  maintained  at  72°,  47°,  or  37°  C., 
while  the  other  was  at  2°  C.,  thus  establishing  a  difference  in  temperature  of  70°,  45°, 
or  35°  respectively,  there  was  distinctly  in  every  instance  rather  more  copper  thrown 
down  on  the  cathode  plate  in  the  colder  than  in  the  warmer  solution.  The  loss  of 
weight  of  the  anode  plate  was  always  greater  than  the  gain  at  the  cathode,  and  the 
difference  in  this  respect  was  greater  in  the  warmer  than  in  the  colder  solution. 

4.  Effect  of  Difference  in  the  Size  of  the  Plates. — All  other  conditions  being  the 
same  in  both  the  electrolysis  cells,  the  plates  in  one  were  made  to  present  but 
one-fourth  the  surface  of  those  in  the  other,  so  that  the  “  current  density  ”  was 
proportionally  increased  in  the  former.  Under  these  circumstances  there  was  a 
constant,  though  but  small,  diflerence  in  the  amount  of  copper  deposited  on  the 
two  cathodes,  the  quantity  being  greater  on  the  cathode  plate  with  smaller,  surface. 
The  tendency  seemed  to  be  towards  a  greater  excess  of  metal  removed  from  the  anode 
over  that  deposited  on  the  cathode  plate  in  the  case  of  the  larger  plates,  as  compared 
with  the  smaller. 

5.  Effect  of  Difference  in  the  Distance  hetioeeyi  the  Plates. — The  plates  of  both  pairs 
being  equal  in  size,  and  all  other  conditions  being  uniform,  the  plates  in  one  of  the 
two  electrolysis  cells  were  placed  at  a  distance  apart  only  one-fifth  that  intervening 
between  those  of  the  other  pair.  It  was  not  clear  that  any  constant  difierence  of 
result  could  be  detected,  but  the  tendency  seemed  to  he  rather  toward  a  very  slightly 
greater  deposit  on  the  cathode  plate  in  the  case  in  which  the  plates  were  farther 
apart  as  compared  with  that  in  which  they  were  nearer  together.  There  was  no 
recognisable  difference  in  the  proportion  of  metal  dissolved  ofi“  from  the  anode  plate. 

Similar  experiments  were  made  with  two  pairs  of  plates  of  pure  silver,  thus  checking 
the  results  obtained  with  copper,  and  contrasting  the  behaviour  of  one  at  least  of  the 
less  chemically  alterable  metals  with  that  of  the  more  easily  alterable  copper.  It  was 
intended  to  make  a  set  of  similar  experiments  also  with  gold  plates  only,  but  the 
available  supply  of  pure  gold  in  the  form  of  rolled  plates  was  not  sutficient  for  the 
numerous  experiments  required.  The  silver  solution  used  was  one  of  potassium 
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argento-cyanide,  and.  the  substitute  for  the  free  sulphuric  acid  of  the  copper  experi¬ 
ments  was  an  excess  of  potassium  cyanide.  The  results  obtained  were  essentially 
similar  to  those  of  the  copper  experiments,  the  effect  of  difference  in  temperature 
between  the  two  solutions  being,  however,  less  decided,  and  the  slight  effect  of 
difference  in  the  size  of  the  plates  (“  density  of  current”)  less  constant  and  distinct. 

In  all  the  preceding  experiments  it  was  found  that  the  most  constant  results 
under  otherwise  similar  conditions  were  obtained  by  using  feeble  currents  rather  than 
those  of  greater  strength,  especially  in  the  case  of  the  silver  solutions,  'there  seemed, 
however,  to  be  a  limit  to  this.  On  the  whole,  the  most  satisfactory  results  were 
obtained  (both  in  these  preliminary  experiments,  and  in  those  aiming  at  the  atomic 
weight  determination)  with  currents  not  exceeding  y^th  of  an  ampere  per  square 
centimetre  of  surface  of  (one  side  of)  the  opposed  plates,  and  in  some  cases  a  current 
but  one-fifth  of  this  maximum  was  used. 

Having  in  view  the  indications  afforded  by  the  preliminary  experiments,  it  was 
detei’inined  to  use  tolerably  strong  solutions  of  the  metals  to  be  deposited,  with 
not  moi’e  than  a  moderate  excess  of  free  acid,  or,  in  the  case  of  the  double  cyanide 
solutions,  excess  of  potassium  cyanide,  to  maintain  the  same  temperature  in  both  the 
electrolysis  cells  and  to  have  this  temperature  as  low  as  possible  (about  2°  C.),  and  to 
have  the  plates  of  the  two  metals  to  be  compared  equal  in  size,  and  at  equal  distances 
apart,  using  a  weak  electric  current,  and  keeping  watch  over  its  strength  by  means  of 
an  ordinary  hydrogen  voltameter  in  the  circuit. 

In  the  actual  experiments  on  the  deposition  of  gold  as  compared  with  silver  it 
was  originally  proposed  to  use  a  solution  of  potassium  auri-cyanide  against  one  of 
potassium  argento-cyanide,  with  the  expectation  that  3  atoms  of  silver  would  be 
thrown  down  for  1  atom  of  gold.  But  the  first  attempts  made  showed  clearly  that 
this  reaction  could  not  be  obtained.  The  comparison  as  to  gain  in  weight  of  the  gold 
and  silver  cathode  plates  gave  results  leading  to  an  atomic  weight  for  gold  impossibly 
high  if  the  silver  deposited  were  taken  to  represent  3  atoms,  and  much  too  low  if  it 
were  taken  to  represent  but  1  atom.  Hence  it  appeared  that  the  potassium  auri- 
cyanide  had  been  partially,  but  not  completely,  reduced  to  auro-cyanide  by  the  action 
of  the  current,  and  an  intermediate  result  obtained  as  to  the  equivalent  quantity  of 
silver  between  that  due  to  the  one  or  the  other  gold  salt  if  exclusively  present. 

A  change  was  therefore  made  to  the  auro-cyanide  in  the  preparation  of  the  solution 
to  be  electrolysed.  A  pure  form  of  potassium  cyanide  was  prepared  with  the  aid  of 
alcohol,  and  carefully  tested  as  to  the  absence  of  any  metal  capable  of  deposition 
from  the  watery  solution  on  electrolysis.  Auric  chloride  was  precipitated  by  ammonia, 
the  fulminating  gold,  after  washing,  dissolved  in  a  strong  solution  of  this  potassium 
cyanide  with  the  aid  of  heat,  and  the  auro-cyanide  crystallized  out  by  cooling.  The 
crystals  were  washed,  redissolved  in  water,  aurous  cyanide  separated  from  the 
solution  by  evaporation  with  hydrochloric  acid,  and  the  crystalline  powder  after 
cautious  washing  again  dissolved  in  potassium  cyanide  solution,  using  for  the  purpose 
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the  barely  necessary  amount  of  the  solvent  liquid,  but  afterwards  adding  a  further 
quantity,  so  as  to  have  potassium  cj^anide  in  excess.  Potassium  argento-cyanide  was 
prepared  by  precipitation  of  a  solution  of  pure  silver  in  nitric  acid  with  the  purified 
potassium  cyanide,  washing  the  precipitate,  and  re-solution  with  the  aid  of  the 
necessary  quantity  of  potassium  cyanide,  of  which  finally  a  moderate  excess  was 
added.  The  solutions  of  the  gold  and  silver  salts  were  made  of  equivalent  strength, 
for  the  most  part  at  the  rate  of  7  grm.  of  metallic  gold  for  each  100  c.cm. 
of  solution,  and  an  approximately  corresponding  amount  of  silver,  taken  atom 
for  atom.  Both  solutions  received  the  same  excess  of  potassium  cyanide,  generally 
equal  to  one-half  of  that  already  present  in  the  double  salt,  but  in  some  of  the 
experiments  it  was  found  necessary  to  add  yet  more  during  the  electrolysis  in  order  to 
preserve  the  purely  metallic  character  of  the  surface  of  the  plates.  As  an  additional 
security  against  admixture  of  auri- cyanide  with  the  auro-cyanide  of  the  gold  solution, 
it  was  subjected  for  some  time  to  electrolysis  with  unweighed  gold  plates  immersed, 
these  being  reversed  two  or  three  times  in  position,  just  before  the  introduction  of 
the  weighed  plates  for  a  quantitative  experiment.  A  number  of  attempts  were  made 
to  substitute  for  the  solution  of  potassium  auro-cyanide  one  of  sodium  auro-thio- 
sulphate,  of  potassium  or  sodium  auri-chloride,  and  of  simple  auric  chloride,  in  the 
last  two  cases  employing  at  the  same  time  a  solution  of  silver  nitrate,  but  these  efforts 
led  to  no  success. 

In  many  of  the  experiments  made  with  the  double  cyanide  solutions  the  cathode 
plates,  both  of  gold  and  silver,  after  removal  from  the  electrolysis  cells  and  thorough 
washing,  were  found  to  curl  up  on  being  heated,  the  deposit,  which  in  these  cases  was 
rather  hard  and  brittle,  swelling  up  in  a  remarkable  w'ay,  with  formation  and^bursting 
of  little  blebs  or  minute  bubbles  of  the  metallic  surface,  and  parting  off  to  some  extent 
of  the  deposit  from  the  original  plate  underneath.  When  the  heating  was  carried  out 
in  the  Sprengel  vacuum  small  but  Cjuite  appreciable  amounts  of  hydrogen  were  found 
to  be  given  off,  having  been  occluded  in  the  metal  deposited.  It  seemed  necessary  to 
throw  aside  the  results  in  all  cases  in  which  this  condition  of  the  deposit  was  well 
marked.  Other  experiments  were  vitiated  by  the  gold  deposit  not  being  thoroughly 
compact,  and  still  others  by  the  surface  not  being  clearly  metallic,  aiu’ous  cyanide 
making  its  appearance  from  the  solution.  It  was  hoped  that  in  the  experiments, 
free  from  apparent  defect,  any  irregular  behaviour  of  the  gold  solution  at  first  might 
be  got  rid  of  by  continued  electrolysis,  with  reversal  of  the  anode  and  cathode  plates 
when  necessary,  until  the  ratio  of  gold  to  silver  deposited  should  become  constant ; 
but  confidence  in  this  was  greatly  shaken  when  an  instance  occurred,  followed  after¬ 
wards  by  others,  of  sudden  change  in  this  ratio,  attended  with  much  less  loss  from  the 
anode  gold  plate  than  the  gain  of  the  opposed  cathode  plate,  pointing  to  deposition  of 
gold  from  the  auro-cyanide  with  simultaneous  formation  of  auri-cyanide  in  the 
solution.'" 

*  Hitiorf  (‘  POGOEXDOKFF,  Aiiiialen,’  [4],  vol.  16,  p.  523),  in  tbe  simnltaneons  electrolysis  of  gold  and 
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Altogether  but  five  experiments  made  in  this  way  yielded  results  which  seemed 
worthy  of  being  used  to  determine  the  atomic  weight  of  gold,  and  it  is  of  course 
unsatisfactory  to  know  that  these  were  selected  out  of  a  much  larger  number,  mainly 
because,  while  not  known  to  be  in  any  way  vitiated  by  apparent  defects,  they  lead  to 
values  for  the  atomic  weight  in  question  close  to  those  obtained  by  other  methods  and 
other  experimenters.  It  is  possible  that  this  near  approach  to  agreement  may  merely 
result  from  a  balance  of  errors  in  opposite  directions,  which  taken  separately  would 
have  caused  the  experiments  to  be  rejected.  Some  other  experiments,  under 
apparently  similar  conditions,  gave  figures  for  the  atomic  w^eight  differing  from  those 
reported  by  one  or  two  whole  units. 

These  only  admissible  results  are  the  following  : — 


Experiment. 

Character  of  gold 
in  solution. 

Character  of  gold 
in  plates. 

Gold  deposited. 

Silver  deposited. 

I. 

A,  h. 

B 

grm. 

5-2721 

grm. 

2-8849 

II. 

6-3088 

3-4487 

HI. 

4-2770 

2-3393 

IV. 

3-5123 

1-9223 

Y. 

3-6804 

2-0132 

Aside  from  other  difficulties  liable  to  be  encountered  in  carrying  out  this  electrolytic 
method,  the  two  most  important  sources  of  possible  inherent  error  which  suggest 
themselves  are  the  occlusion  of  hydrogen  by  the  metallic  deposit  and  the  instability  of 
the  atomicity  of  gold  in  the  solution  electrolysed. 

The  separation  of.  hydrogen  on  the  cathode  plate,  whether  in  bubbles  (which 
may  be  avoided  by  proper  regulation  of  the  current)  or  occluded  by  the  inetal  (which 
does  not  seem  to  be  completely  avoidable  with  any  current,  although  the  amount  of 
occluded  gas  was  extremely  small  in  a  number  of  my  experiments),  must  be  ascribed  to 
decomposition,  simultaneous  with  that  of  the  cyanide  of  gold,  either  of  w^ater  or,  more 
probably,  of  cyanide  of  potassium,  with  secondary  action  of  the  potassium  on  the 
water.  In  either  case,  it  is  by  no  means  clear  that  the  proportion  of  current  giving 
rise  to  this  liberation  of  hydrogen  can  be  counted  upon  as  the  same  in  the  gold  solution 
and  in  that  of  silver ;  and  hence,  even  though  it  be  fairly  assumed  that  Faraday’s 
principle  of  equivalent  electrolysis  by  the  same  current  is  strictly  correct  for  the 
ensemble  of  chemical  actions  in  the  two  cells,  the  portion  of  current  actually  concerned 
in  depositing  gold  or  silver  only  in  each  of  the  respective  cells  may  conceivably  not  be 

silver  solutions,  the  gold  as  potassium  auri-cliloride,  obtained  results  which  showed  that  this  metal  was 
deposited  at  the  rate  of  1  atom  for  3  of  silver.  Calculating  on  this  basis  from  his  two  experiments, 
the  atomic  weight  of  gold  comes  out  =  196‘311  and  194'197  ;  for  silver  =  107'66. 

In  one  experiment  of  my  own,  using  sodium  ai;ri-chloride,  the  result  showed  that  the  gold  was  thiown 
down  for  the  most  part  as  a  triad,  but  partly  as  a  monad,  element. 
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quite  the  same,  so  that  the  weights  of  the  two  metals  thrown  down  may  not  be 
strictly  equivalent."^  It  was,  therefore,  deemed  important  to  work  with  feeble 
currents,  and,  while  heating  all  the  plates  in  a  Sprengel  vacuum  before  weighing,  to 
reject  the  results  of  all  th(jse  experiments  in  which  the  quantity  of  gas  thus  discharged 
amounted  to  more  than  the  merest  trace.  But,  if  the  source  of  error  in  question  still 
exist  at  all,  it  might  affect  the  atomic  weight  of  gold  in  comparison  with  that  of 
silver,  either  by  making  the  former  appear  higher  or  lower  than  the  truth. 

The  source  of  error  most  to  be  feared,  however,  in  connection  with  the  application 
of  this  electrolytic  method  to  the  determination  of  the  atomic  weight  of  gold,  is  the 
uncertainty  of  having  all  the  gold  throughout  the  process  in  the  form  of  potassium 
auro-cyanide  in  the  solution,  in  view  of  the  transition  observed  to  auri-cyanide  during 
electrolysis,  although  change  in  the  opposite  direction  occurs  with  even  greater  ease. 
Each  of  the  two  salts  appears  to  admit  of  electrolytic  decomposition,  and  the  presence 
of  any  traces  of  the  auri-cyanide,  in  which  the  gold  has  triad  character,  while  the 
calculation  is  based  on  the  supposed  presence  of  monad  gold  only  would,  of  course,  tend 
to  make  the  atomic  weight  of  the  metal  appear  lower  than  the  truth. 

Sixth  Series  of  Exi^erimenis. 

These  experiments  consisted  merely  in  the  further  application  of  electrolysis  to  the 
deposition  of  metallic  gold  from  a  solution  of  potassium  auro-cyanide,  comparing  the 
weight  of  the  metal  thrown  down,  however,  not  with  the  weight  of  silver,  but  with  the 
volume  of  hydrogen  gas  liberated  by  the  action  of  the  same  current,  the  object  being 
to  thus  secure,  with  an  assumed  knowledge  of  the  density  of  hydrogen,^  a  direct 
comparison  of  the  atomic  weight  of  gold  with  that  of  the  element  most  generally 
taken  as  the  basis  of  the  numerical  constants  in  question. 

A  cell  containing  the  same  solution  of  potassium  auro-cyanide  as  was  used  in  the 

*  As  beai-ing  on  the  question  of  tlie  simultaneons  decomposition  of  two  electrolytes  in  the  same 
solution,  the  follovying  results  may  be  recorded  of  an  experiment  made  with  a  solution  of  mixed  zinc  and 
copper  sulphates,  with  excess  of  potassium  cyanide,  the  anode  plate  being  of  brass  and  the  cathode  plate 
of  platinum,  and  an  analysis  made  of  the  proportions  of  the  two  metals  in  the  anode  plate,  in  the  solution 
as  first  taken,  and  in  the  alloy  deposited  on  the  cathode  plate  and  subsequently  dissolved  off  from  it  by 
means  of  nitric  acid. 


Proportion  of  copper 
to  zinc. 

In  the  brass  anode 
plate. 

In  the  solution  elec¬ 
trolysed. 

In  the  alloy  deposited 
on  the  cathode  plate. 

Copper  .... 

68-74 

13-81 

71-34 

Zinc  .... 

:H-26 

80-19 

26-60 

lUU-00 

lOU-00 

100-00 

Different  results  would  undoubtedly  have  been  oblained  by  substituting  some  other  metal  for  one  of 
those  taken. 
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fifth  series  of  experiments,  and  having  immersed  in  it  a  pair  of  plates  of  “  proof”  gold, 
as  already  described,  was  employed  for  the  deposition  of  the  gold.  The  same  current 
which  traversed  this  cell  was  passed  through  a  hydrogen  voltameter  of  special  con¬ 
struction,"^'  made  of  glass,  in  a  single  piece,  the  general  character  of  which  will  be 
seen  from  fig.  5. 

Fig.  5. 


When  this  instrument  was  to  be  ]3repared  for  use,  it  was  cautiously  heated  pretty 
strongly  in  an  air-bath  to  remove  the  film  of  moisture  and  air  from  the  internal  surface, 
drawing  dry  air  through  by  means  of  an  aspirator.  Clean  mercury,  previously  heated, 
was  then  poured  in  through  the  funnel  a,  going  down  to  nearly  the  bottom  of  the 
cylindrical  vessel  h,  until  this  vessel — about  30  mm.  in  diameter  and  60  mm.  in  height — 
was  completely  filled,  and  also  the  tubes  and  stop-cocks  c,  d,  e,  and /,  each  of  these  in  suc¬ 
cession  being  opened  to  allow  escape  of  air,  and  afterwards  closed ;  /’was  a  three-waystop- 
cock,  which  could  either  be  made  to  open  communication  between  the  parts  of  the  tube 
on  either  side  of  it,  or  to  simply  close  this  tube,  or  to  close  this  tube  and  establish 
communication  between  the  vessel  b  and  the  outside  air  through  the  base  of  the  stop¬ 
cock  ;  it  was  in  this  last-named  way  that  air  and  surplus  mercury  were  allowed  to 
escape,  filling  the  tube  between  h  and  f  with  mercury,  but  not  allowing  of  any  of  the 

*  This  piece  of  apparatus — an  excellent  specimen  of  skilful  glass-blowing — was  made,  from  drawings 
furnished  by  me,  by  Mr.  Emil  Greiner,  of  63,  Maiden  Lane,  New  York. 

MDCCCLXXXIX. - A.  3  I 
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metal  going  farther  along  the  tube  towards  The  stopcock  c  was  closed,  with  the 
tube  on  which  it  was  situated  completely  full  of  mercury,  and  leaving  surplus  mercury 
in  the  funnel  a.  In  filling  h  and  its  connected  tubes  care  was  taken  to  leave  no  visible 

o 

bubbles  of  air.  Pure  water  mixed  with  one-twelfth  its  weight  of  pure  sulphuric  acid 
was  boiled  for  some  time  in  a  small  flask  to  expel  all  dissolved  air,  keeping  up  the 
volume  by  additions  from  time  to  time  of  water  kept  boiling  in  a  second  flask  ;  the 
lower  turned-up  end  of  the  tube  h  was  then  immersed  in  the  dilute  acid,  and  the  lower 
end  of  g  in  a  cup  of  mercury  ;  on  opening  the  stopcocks  e  and  d  mercury  ran  out  from 
g,  and  the  dilute  acid  came  in  through  h,  filling  about  half  full  the  cylinder  6.  Closing 
d  and  e,  opening  c,  and  keeping  up  a  supply  of  mercury  in  the  funnel  a,f  was  now 
turned  so  as  to  force  out  through  the  base  of  this  stopcock  the  little  mercury  in  the 
tube  behind  it,  and  fill  this  tube  with  the  acidulated  water.  Then  f  was  turned  so  as  to 
allow  of  this  acidulated  water  being  forced  on  to  the  bend  i  and  into  the  two  little  volta¬ 
meter  tubes  k  and  k,  filling  these  about  one-third  full.  While  these  tubes  were  being 
thus  filled  the  extremities  of  the  deliveiy  tubes  m  and  m  were  in  communication  with 
a  Sprengel  pump,  so  that  they  were  very  nearly  exhausted  of  air.  The  stopcock  f 
having  been  closed,  e  was  opened,  and  by  suitable  tilting  of  the  apparatus,  and  running 
in  of  mercury  from  the  funnel  a,  nearly  all  of  the  acidulated  water  from  y  backwards 
was  expelled  through  the  tube  h.  A  repetition  of  the  procedure  by  which  the  cylinder 
h  had  been  partially  filled  with  acidulated  water  now  served  to  partially  fill  it  with 
well-boiled  and  still  hot  distilled  water  to  which  no  acid  had  been  added.  The  two 
delivery  tubes  m  and  m  were  severally  detached  from  the  Sprengel  pump,  after 
allowing  (by  a  special  separate  arrangement  of  tubes  with  stopcocks)  hydrogen  to 
enter  one  of  the  two  and  oxygen  the  other,  and  when  thus  filled  the  ends  of  these 
two  tubes  were  dipped  under  mercury,  and  the  two  platinum  wires,  I  and  I,  sealed 
into  the  voltameter  tubes  were  connected  by  the  little  rings  on  their  outer  ends  with 
the  terminals  of  the  galvanic  cells  whence  the  electric  current  was  to  be  derived, 
taking  care,  of  course,  to  connect  to  the  negative  pole  the  wire  of  the  tube  already 
filled  in  its  upper  part  with  hydrogen,  and  to  the  positive  pole  the  wire  of  the  oxygen 
tube.  Viewed  from  the  front,  the  two  voltameter  and  delivery  tubes  presented  the 
aj)pearance  shown  in  fig.  G.  The  little  voltameter  tubes  k  and  k  had  an  external 
diameter  of  about  12  mm.  and  a  length  of  40  mm.  The  platinum  wires,  I  and  I, 
serving  as  electrodes  were  1  mm.  in  diameter,  and  extended  beyond  the  interior 
surface  of  the  glass  (into  which  they  were  sealed)  for  only  3  mm.  in  length.  They 
could  be  well  covered,  and  the  voltameter  tubes  filled  to  one-third  their  capacity,  with 
oidy  about  2  c  cm.  of  the  acidulated  water.  By  careful  tilting  of  the  apparatus 
laterally  it  was  found  to  be  possible  to  so  regulate  the  pressure  of  mercury  at 
the  ends  of  the  deliveiy  tubes,  and  therefore  the  gaseous  tension  in  the  two 
voltameter  tubes,  that  the  acidulated  water  was  not  forced  over  from  the  one  to  the 
other,  which,  had  it  occurred,  would  have  allowed  admixture  of  the  two  gases  ;  this 
recpaired  constant  watching,  however,  and  there  was  needed  from  time  to  time  a  little 
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tapping  of  the  apparatus  to  get  rid  of  the  effect  of  irregular  adhesion  of  the  liquid  to 
the  walls  of  the  voltameter  tubes. 

Fig.  6. 


It  will  be  seen  that,  with  the  arrangement  described,  the  electrolysis  could  he 
effected  of  acidulated  water,  thoroughly  deprived  in  advance  of  dissolved  air,  and  in 
quantity  so  small  as  to  be  capable  of  i-etaining  in  solution  but  infinitesimal  quantities 
of  the  hydrogen  and  oxygen  electrolytically  sej^arated.  As  the  decomposition 
proceeded,  the  quantity  of  liquid  in  the  voltameter  tubes  could  be  maintained  constant 
by  opening  the  stopcock  c,  with  a  supply  of  mercury  in  the  funnel  a,  and  then 
cautiously  opening  f,  so  as  to  feed  forward  a  little  of  the  air-free  water  from  the 
cylinder  h,  thus  leaving  the  proportion  of  acid  unaltered.  The  surface  presented  by 
the  platinum  wire  electrodes  was  so  small  as  to  allow  of  occlusion  of  the  gases  to 
only  an  extremely  minute  extent,  and  both  the  hydrogen  and  oxygen  were  allowed  to 
escape  for  some  time  before  any  was  collected  for  measurement. 

The  hydrogen  only  was  collected  and  measured.  I  had  hoped  to  apply  this  form  of 
voltameter  to  a  more  exact  determination  of  the  relative  volumes  of  hydrogen  and 
oxygen  derived  from  water  by  electrolysis  than  is  possible  with  the  voltameters  of 
more  common  construction.  But  I  have  not  yet  seen  my  way  to  getting  over  the 
difficulties  connected  with  the  presence  of  ozone,  hydrogen  dioxide,  Berthelot’s  per- 
sulphuric  acid,  or  other  by-products  in  the  oxygen  gas  evolved  at  the  positive  pole. 
If  this  could  be  accomplished,  a  useful  contribution  might  possibly  be  made  to  the 
question,  revived  and  worked  upon  of  late  by  several  chemists,  of  the  exact  atomic 
weight  of  oxygen.  The  vessel  for  collecting  and  measuring  the  hydrogen,  shown  in 
fig.  7,  consisted  of  a  spherical  globe  of  tolerably  stout  glass,  with  a  capacity  of  about 
250  c.cm.,  having  a  neck  of  about  1  cm.  internal  diameter,  and  22  cm.  long.  This 
neck  had  etched  upon  it  a  simple  linear  scale  of  millimetres.  At  the  mouth  it  was 
fitted  witfi  a  well  ground  perforated  glass  stopper,  forming  part  of  a  glass  stopcock 
with  an  outer  orifice  of  about  1  mm.  bore.  The  exact  capacity  of  the  whole  globe 
and  neck  was  ascertained  by  heating  it  in  an  air-bath  to  remove  air  and  moisture 
condensed  on  the  interior  surface,  drawing  dry  air  through  with  an  aspirator,  then 
filling  the  globe  vith  heated  mercury,  allowing  it  to  cool  to  an  accurately  noted 
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temperature,  immersing  the  body  of  the  globe  in  an  outer  vessel  of  mercury  so  as  to 
prevent  extension  or  flexure  of  the  glass  by  the  weight  of  the  contained  metal,  filling 
up  to  the  very  mouth  with  mercury,  inserting  the  stopper  with  the  stopcock  open, 
thus  forcing  out  through  its  orifice  the  last  of  the  air,  closing  the  stopcock,  removing 
from  the  orifice  tube,  by  an  iron  wire,  the  drop  or  two  of  mercury  remaining  in  it,  and 
then  emptying  the  flask,  and  carefully  weighing  in  successive  portions  the  mercury 
which  it  had  held.  The  hydrogen  from  the  voltameter  was  collected  in  this  flask, 
without  its  stopper,  the  flask  liaving  been  previously  filled  with  mercury,  with  the 
needful  precautions  for  removal  of  all  air,  and  inverted  over  a  mercury  trough.  In 
each  experiment  the  process  of  electrolysis  was  arrested  wlien  the  hydrogen  had  filled 

Fig.  7. 


the  body  of  the  globe  and  reached  to  a  point  rather  more  than  half  way  down  the 
lengtli  of  the  neck,  the  gold  plates  being  of  course  withdrawn  at  the  same  moment 
from  their  cell  of  gold  solution,  set  away  to  soak  in  distilled  water,  and  afterwards 
thoroughly  washed,  dried,  heated  in  the  Sprengel  vacuum,  cooled,  and  weighed.  The 
portion  of  hydrogen  collected  was  dried  by  successive  halls  of  fused  potash  introduced 
and  withdrawn  by  means  of  platinum  wire.  The  neck  of  the  flask  having,  in  advance 
of  the  collection  of  hydrogen,  been  passed  through  a  cork,  this  was  used  to  close  the 
mouth,  placed  downwards,  of  a  vessel  through  which  a  stream  of  water  was  caused  to 
flow  rapidly  from  the  pipes  supplying  the  University  buildings.  The  atmospheric 
temperature  of  the  day  on  which  the  electrolysis  experiment  was  made  having  been 
such  as  not  to  differ  too  much  from  the  temperature  of  the  water  from  the  pipes,  the 
gas  occupied  such  a  volume  after  effectual  exposure  to  this  latter  temperature  that 
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the  mercury  marked  a  point  somewhere  within  the  length  of  the  neck,  which  point 
was  noted  by  the  millimetre  scale,  the  thermometer  immersed  in  the  flowing  water, 
and  the  barometer  and  its  attached  thermometer  being  read  at  the  same  time.  It 
remained  only  to  insert  the  stopcock  stopper  under  the  mercury  of  the  little  mercury 
trough,  close  the  stopcock,  withdraw  the  flask  from  the  trough,  reject  the  di’op  or  two 
of  mercury  from  the  stopcock  orifice  by  means  of  a  wire,  remove  the  portion  of 
mercury  left  in  the  neck  of  the  flask,  and  weigh  it  carefully.  Its  weight,  with  con¬ 
sideration  of  its  temperature  when  the  stopcock  was  closed,  gave  the  volume  of  the 
portion  of  the  flask  not  occupied  by  hydrogen,  and  this,  subtracted  from  the  whole 
volume  of  the  interior  of  the  flask,  as  found  by  the  original  calibration,  gave  the 
volume,  under  known  conditions  of  temperature  and  pressure,  of  the  hydrogen  which 
had  been  collected.  From  two  calibrations  at  different  temperatures  a  correction  was 
obtained  for  the  expansion  of  the  glass  of  the  flask,  but  it  \yas  hardly  necessary  to 
take  this  into  account,  in  view  of  the  small  limits  within  which  temperature  varied  in 
all  the  experiments  made. 

But  three  experiments  carried  out  by  this  method  led  to  results  which  seemed 
worthy  of  confidence.  These  results  were  as  follows  ; — - 


Experiment. 

Character  of  gold 
in  solution. 

Character  of  gold 
in  plates. 

Gold  deposited. 

Hydrogen 

liberated. 

Vol.  at  0"  C.  and 
760  mm. 

Weight. 

grm. 

c.cm. 

grm. 

I. 

A,  b 

c 

4'047 2 

228-64 

-U20.o3 

II. 

A,  b 

c 

4-0'226 

227-03 

•02039 

III. 

A,  b 

c 

4-0955 

231-55 

•02079 

In  calculating  the  weight  of  hydrogen  from  its  observed  volume,  Begnault’s  value 
for  the  weight  of  a  litre  of  this  gas  at  0°  C.  and  760  mm.  was  taken  as  the  basis.  The 
correction,  of  which  Lord  Rayleigh  not  long  since  pointed  out  the  need — namely,  for  the 
compression  of  the  vacuous  glass  flask  by  atmospheric  pressure — was  adopted  from  the 
experiments  of  J.  M.  Crafts  (‘  Comptes  Rendus,’  vol.  106,  p.  1662) ;  and  his  corrected 
value,  '08988  grm.,  was  still  further  corrected  for  the  difference  in  the  force  of  gravity 
at  Paris  and  at  the  University  of  Virginia  (in  C.  G.  S.  units,  980'94  ;  979'95),  giving 
as  the  value  to  be  used  '08979  grm. 

The  electrolysis  of  the  water  was  carried  on  very  slowly,  so  as  to  keep  the  density 
of  the  current  low  with  such  small  electrodes  as  were  used.  Nevertheless,  as  the 
hydrogen  voltameter  required  constant  watching,  it  became  necessary  to  bring  the 
whole  time  of  an  experiment  within  moderate  limits,  and  hence  a  considerably 
stronger  current  was  used  than  in  the  simultaneous  deposition  of  gold  and  silver  in 
the  fifth  series,  this  circumstance  being  less  favourable  to  the  satisfactory  deposition  of 
the  gold.  It  would  have  been  desirable  to  use  a  larger  flask,  and  to  collect  a  greater 
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volume  of  hydrogen  ;  but  this,  on  account  of  the  time  required,  would  have  made  an 
experiment  exceedingly  troublesome  and  difficult. 

In  the  work  of  this  series  the  same  unsatisfactory  need  for  selecting  only  such 
results  as  came  fairly  close  to  the  figures  expected,  and  rejecting  several  others  on  the 
ground  of  very  considerable  departure  therefrom,  and  the  same  sources  of  possible 
constant  error  in  regard  to  the  gold  deposit  present  themselves  which  have  already 
been  noticed  under  the  head  of  the  fifth  series.  As  regards  the  hydrogen,  one  is  led 
to  consider  j^ossible  diffusion  of  hydrogen  and  oxygen  between  the  two  little  volta¬ 
meter  tubes,  and  slight  imperfection  in  the  drying  of  the  hydrogen  obtained.  The 
former  would,  on  the  whole,  probably  tend  to  diminish  the  volume  of  gas  collected, 
and  lienee  to  raise  the  apparent  value  of  the  atomic  weight  of  gold.  The  latter  would 
have  the  opposite  tendency.  That  neither  can  have  had  more  than  an  extremely 
minute  influence  was  fairly  proved  by  testing  a  part  of  the  hydrogen  obtained,  on  the 
one  hand  by  passing  it  through  a  red-hot  glass  tube,  and  on  the  other  by  submitting 
it  to  more  extended  drying  by  contact  with  phosphorus  pentoxide  both  before  and 
after  such  heating ;  in  neither  case  was  there  appreciable  change  of  volume. 

Notwithstanding  the  desirability  of  comparing  the  atomic  weight  of  any  other 
element  dhectly  with  that  of  hydrogen,  the  difficulty  is  not  to  be  overlooked  of  doing 
this  for  an  element  having  so  high  an  atomic  weight  as  that  of  gold.  There  is  a 
manifest  objection  to  the  necessity  of  dealing  with  such  minute  quantities  of  hydrogen 
as  those  concerned  in  these  experiments.  A  very  small  error  in  the  determination  of 
the  hydrogen  greatly  affects  the  value  found  for  an  atomic  weight  nearly  two  hundred 
times  as  large.  It  is  true  that  the  measurement  of  the  volume  of  the  hydrogen  admits 
of  being  made  with  such  precision  as  to  leave  room  for  but  an  extremely  minute  error 
in  the  corresponding  weight,  yet  this  measurement  is  not  one  of  limitless  delicacy, 
particularly  if  the  difficulty  be  properly  appreciated  of  ascertaining  with  certainty  the 
precise  temperature  of  the  gas  at  the  time  its  volume  is  read.  Moreover,  in  measuring 
the  volume  of  the  gas,  and  thence  deducing  its  weight,  there  is  need  not  merely  for 
a  knowledge  of  changes  of  temperature  and  pressure,  but  for  absolutely  correct 
readings  of  the  barometer  and  thermometer,  so  that  there  must  usually  be  a  degree  of 
hesitation  in  accepting  the  readings  of  even  fairly  standard  instruments,  when  tem¬ 
perature  and  pressure  come  to  be  placed  in  comparison  with  these  conditions  as 
afiecting  the  results  of  Regnault  for  gaseous  density.  Nor  can  the  results  of  that 
great  physicist  be  assumed  as  themselves  free  from  all  possible  need  of  further 
correction. 

The  error  of  direct  comparison  with  so  small  an  atomic  weight  as  that  of  hydrogen 
is,  however,  after  all  only  masJeed  by  substituting  an  indirect  comparison  through 
some  larger  atomic  weight,  since  the  assumed  value  of  the  latter  is  uncertain  within 
limits  which  depend  iqDon  its  conq^arison  with  the  atomic  weight  of  hydrogen. 
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Seventh  Series  of  Experiments. 

[n  pursuance  of  the  attempt  to  connect  directly  the  atomic  weight  of  gold  with  that 
of  hydrogen,  metallic  zinc  was  prepared  as  nearly  as  possible  in  a  state  of  purity, 
and,  a  known  quantity  of  the  metal  having  been  dissolved  in  dilute  sulphuric  acid,  the 
amount  of  hydrogen  evolved  was  determined  by  volume.  A  solution  of  pure  auric 
chloride  or  bromide  was  then  treated  with  a  known  quantity  of  the  same  zinc,  more 
than  sufficient  for  the  complete  precipitation  of  all  the  gold  present ;  the  excess  of 
zinc  was  dissolved  by  dilute  sulphuric  acid,  and  the  volume  of  hydrogen  given  off  was 
determined.  The  precipitated  gold  was  carefully  collected,  washed,  dried,  ignited, 
and  weighed.  The  difference  between  the  volume  of  hydrogen  which  the  zinc  gave 
when  thus  partly  used  to  replace  a  known  quantity  of  gold  and  the  volume  which  it 
would  have  given  if  replacing  hydrogen  alone  represented,  of  course,  the  volume  of  a 
quantity  of  hydrogen  equivalent  to  the  gold  precipitated  and  weighed.  From  this 
volume,  under  known  conditions  of  temperature  and  pressure,  the  weight  of  the 
hydrogen  was  calculated  on  the  basis  of  Regnault’s  results  for  the  density  of  the  gas, 
after  application  of  the  needful  corrections,  as  in  the  sixth  series  of  these  experiments. 

In  a  preliminary  notice  of  my  work  read  before  the  Chemical  Section  of  the  British 
Association  at  the  Manchester  meeting  of  1887,  it  was  pointed  out  that  the  method 
just  described  has  certain  advantages  in  principle.  It  does  not  require  that  the 
weight  of  the  gold  salt  in  solution  be  known,  so  that  all  difficulties  in  regard  to  drying- 
such  salt  without  decomposition  are  disposed  of.  It  does  not  depend  upon  a  know¬ 
ledge  of  the  atomic  weight  of  the  halogen  in  combination  with  gold,  or  upon  a 
knowledge  of  the  atomic  weight  of  zinc.  It  does  not  even  require  that  the  zinc  be  of 
assured  purity,  provided  only  it  be  uniform  in  character,  so  that  a  given  weight  of  it 
can  be  trusted  to  yield  always  the  same  quantity  of  hydrogen,  and  there  be  no 
impurities  present  capable  of  interfering  with  the  collection  of  the  whole  of  the 
precipitated  metallic  gold  in  a  state  of  purity.  The  chief  difficulty  cousists  in  the 
accurate  ascertainment  of  dhe  total  volume  of  hydrogen  evolved  from  the  solution  of  a 
satisfactorily  large  quantity  of  zinc ;  when  the  gold  solution  comes  to  be  used,  as  the 
volume  of  hydrogen  given  off  on  solution  of  the  surplus  zinc  may  be  made  quite 
small,  its  measurement  becomes  both  easy  and  exact. 

The  pure  zinc  required  was  obtained  by  fractionally  distilling  in  a  Sprengel  vacuum 
some  very  nearly  pure  metal  from  the  Bertha  Zinc  Works,  in  South-western  Virginia, 
using  a  long  combustion-tube  of  hard  Bohemian  glass,  and  substantially  the  same 
arrangement  of  apparatus  as  that  described  by  Morse  and  Burton*  in  connection 
with  then-  work  on  the  atomic  weight  of  zinc.  The  original  metal  was  found,  by  an 
analysis  in  the  laboratory  of  the  University  of  Virginia,  to  contain  less  than  '04  per 
cent,  of  foreign  matter,  almost  solely  consisting  of  lead  and  iron.  It  was  four  or  five 

*  ‘  American  Cliemical  Journal,’  vol.  10,  p.  .312.  Tubes  of  glazed  porcelain,  closed  at  one  end,  had 
been  specially  procured  for  use  in  thus  distilling  zinc,  but  it  was  found  that  they  were  quite  unnecessary. 
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times  redistilled  in  vacuo,  rejecting  each  time  about  one-third  of  the  quantity  treated. 
The  process  is  easily  carried  out,  and  in  the  final  product,  completely  soluble  in  dilute 
sulphuric  acid  without  visible  residue,  no  trace  of  detectable  impurity  could  be  found. 

For  the  evolution  of  hydrogen  on  solution  of  this  zinc  in  acid  the  little  piece  of 
apparatus  represented  in  fig.  8  was  used,  the  same  that  I  had  used  in  my  work  of 
several  years  ago  on  the  atomic  weight  of  aluminum.*  The  description  formerly 
given  of  the  details  of  an  experiment  with  this  apparatus  may  he  repeated  with  but 
trilling  change  of  language.  A  rather  more  than  sufficient  quantity  of  diluted 


Fig.  8. 


sulphuric  acid,  its  volume  accurately  measured,  having  been  introduced  into  the  bulb 
a  by  means  of  a  little  tube-funnel  passed  through  the  tube  h,  the  outer  end  of 
which  was  originally  open,  taking  care  to  leave  the  surface  of  h  clean,  the  metallic 
zinc,  in  a  single  piece  of  elongated  shape,  and  having  a  little  bit  of  slender  platinum 
wire  wrapped  round  it,  was  passed  into  h,  held,  nearly  horizontal,  so  that  the  metal 
did  not  slip  down  into  the  bulb,  but  rested  40  or  50  mm.  from  it ;  h  was  now  drawn 
off  in  the  lamp  flame,  and  sealed  with  a  well-rounded  end.  The  bulb  was  touched  for 
a  moment  or  two  with  the  hand,  so  as  to  expel  a  very  little  am,  and  the  outer  end  of 
the  small  tube  c  was  introduced  into  the  mercury  of  the  trough,  taking  care  that  h 
was  still  kept  in  such  a  position  as  to  prevent  the  zinc  coming  in  contact  with  the 
dilute  acid.  After  a  sufficient  lapse  of  time  for  the  apparatus  to  have  acquired  the 
temperature  of  the  room,  the  barometer  and  thermometer  and  the  difference  of  level 
of  the  mercury  m  the  trough  and  in  c  were  read  off  ;t  so  that,  knowing  the  volume 
of  dilute  acid  introduced  and  of  metallic  zinc  (the  latter  from  its  weight),  calibration 
of  the  bulb  and  tubes  after  the  experiment  was  over  completed  the  data  necessary  to 
determine  the  volume  of  air  which  the  apparatus  contained  at  the  beginning.  The 

*  ‘  Phil.  Trans.,’  1880,  p.  1026. 

t  All  readings  were,  of  course,  made  from  a  distance  with  the  aid  of  a  small  telescope. 
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piece  of  zinc  was  now  made  to  slide  down  into  the  bulb,  tlie  end  of  the  gas  delivery- 
tube  c  liaving  been  brought  under  the  mouth  of  the  measuring  flask.  Over-rapid 
evolution  of  hydrogen  and  any  considerable  rise  of  temperature  were  prevented,  partly 
by  tilting  the  bulb  so  that  the  little  piece  of  zinc  rested  against  one  side  and  exposed 
but  a  part  of  its  surface  to  the  action  of  the  liquid,  and  partly  by  cooling  the  outside 
of  the  bulb  with  water.  To  guard  against  more  than  traces  of  aqueous  vapour 
being  carried  away  with  the  hydrogen,  a  rapid  current  of  ice-water  was  kept  up 
throuo-h  d. 

As  soon  as  the  last  of  the  zinc  had  disappeared,  leaving  the  liquid  quite  clear,  c 
was  brought  up  into  a  nearly  vertical  position,  and  the  apparatus  left  to  itself  until 
the  temperature  of  the  room  had  been  attained.  The  barometer  and  thermometer  and 
the  height  of  the  mercury  in  c  above  that  in  the  trough  were  now  read  and  recorded. 

Lifting  c  straight  up  from  the  trough,  the  mercury  in  this  tube  was  got  out  by 
running  a  wire  up  and  down  in  it,  and,  inverting  it,  the  whole  of  the  remaining  space 
in  a,  b,  and  c  was  filled  up  with  solution  of  zinc  sulphate  and  free  acid  of  the 
same  strength  with  that  already  contained,  this  liquid  being  run  in  from  a  graduated 
burette  through  a  slender  tube-funnel,  and  the  volume  used  noted,  so  as  to  show  how 
much  liquid  had  been  already  present. 

Idle  apparatus  having  been  now  emptied,  washed  out,  and  calibrated  (with  water, 
instead  of  mercury,  on  account  of  the  difficulty  of  getting  the  interior  quite  dry),  the 
volume  of  gas  remaining  in  it  at  the  close  of  the  experiment  was  had  from  the 
difierence  between  the  total  capacity  (to  the  level  of  the  mercury  in  c)  and  the 
volume  of  liquid  which  the  bulb  had  contained  at  the  close  of  the  experiment,  these 
taken  together  with  the  data  for  pressure  and  temperature. 

The  dilute  acid  was  saturated  with  pure  hydrogen  just  before  being  used  (and  in 
the  experiments  with  auric  chloride  or  bromide  the  main  portion  of  water  holding  this 
salt  in  solution  was  similarly  treated),  and  a  preliminary  experiment  showed  that  there 
was  but  an  extremely  minute  difference  between  the  amount  of  gas  removable  from 
such  liquid  by  heating  in  a  Sprengel  vacuum  and  from  that  containing  zinc  sulphate 
after  the  solution  of  the  metal  ;  so  that,  practically,  the  question  of  retention  of  gas 
in  solution  by  the  liquid  might  be  neglected. 

The  sulphuric  acid  was  diluted  to  25  per  cent,  by  weight,  only  a  small  bit  of 
platinum  wire  was  wrapped  round  the  zinc,  and  the  temperature  of  the  bulb  was  not 
allowed  to  rise  beyond  about  20°  C.  Thus  the  risk  of  evolving  other  gaseous 
products  than  hydrogen — as  hydrogen  sulphide  or  sulphur  dioxide— was  avoided, 
and  on  testing  for  these  impurities  the  hydrogen  collected  no  traces  of  them  were 
found. 

The  measuring  flask  used  to  collect  the  hydrogen  was  of  the  same  character  as 
that  used  for  the  experiments  of  the  sixth  series,  but  of  much  larger  size,  holding 

*  Muie  and  Adie  :  “  On  tlie  Interaction  of  Zinc  and  Sulphiii’ic  Acid,”  ‘  Cliem.  Soc.  Journ.,’  Jan., 
1888,  p.  47. 
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about  a  litre.  The  quantity  of  zinc  taken  for  each  experiment  was  calculated  to  give 
a  volume  of  gas  which,  under  the  conditions  of  temperature  and  pressure  of  the  day, 
would  bring  the  mercury  to  somewhere  near  the  middle  of  the  neck,  and  the  gas, 
previously  dried  by  balls  of  fused  potash,  was  measured  after  the  temperature  had 
been  rendered  as  nearly  as  possible  fixed  by  the  circulation  round  the  outside  of  the 
flask  of -an  active  stream  of  water  from  the  laboratory  supply  pipes.  On  account  of 
slight  rise  of  temperature  during  the  solution  of  the  metal,  the  volume  of  hydrogen 
left  in  the  bulb  and  tubes  was  always  less  than  that  of  the  air  in  the  same  at  the 
beginning  ;  and,  after  reduction  to  normal  temperature  and  pressure,  the  difference  had 
to  be  subtracted  from  the  gas  collected  in  the  flask. 

In  the  experiments  with  auric  chloride  or  bromide  the  quantity  of  hydrogen  given 
off  on  solution  of  the  surplus  zinc  was  so  small  that  it  could  be  easily  measured  in  a 
little  gas  tube,  the  same  method  of  double  calibration  with  mercury  being  used  as  for 
the  larger  volumes.  In  these  experiments  the  bulb  used  had  a  second  side  tube,  f, 
as  shown  in  fig.  9,  to  hold  the  sulphuric  acid,  while  a  contained  the  aqueous  solution 


Fig.  9. 


of  the  gold  salt ;  this  acid  was  already  somewhat  diluted,  and  was  introduced  into  a, 
after  complete  precipitation  of  the  gold,  very  gradually,  so  as  to  avoid  any  consider¬ 
able  rise  of  temperature.  The  quantity  of  water  used  was  such  as  to  make  the  whole 
volume  of  liquid  very  nearly  the  same  in  the  experiments  with  zinc  alone  and  in 
those  with  zinc  and  the  auric  salt.  Care  was  taken  to  ascertain,  after  measurement 
of  the  hydrogen,  that  it  had  been  efl’ectually  freed  by  the  potash  balls  not  only  from 
moisture,  but  from  any  traces  of  hydrochloric  acid  formed  and  carried  over. 

In  order  to  connect  the  weight  of  the  zinc  with  that  of  the  hydrogen  produced  by 
its  solution,  it  was  necessary  that  the  weight  of  the  metal  should  be  absolute,  or  in 
terms  of  equal  value  with  those  used  in  Regnault’s  researches  on  the  density  of 
hydrogen ;  hence,  as  has  been  already  stated,  the  weights  used  were  such  as  had  had 
their  real  values  determined,  and  the  precaution  of  double  weighing  was  applied. 
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The  quantities  of  metal  used  being  small,  the  centre  of  gravity  of  the  balance  beam 
was  so  adjusted  as  to  give  great  sensitiveness.  In  calculating  the  weight  of  the 
hydrogen  from  its  volume,  the  same  value  for  the  weight  of  a  litre  of  the  gas  was 
assumed  as  has  been  already  stated,  viz.,  '08979  grin.,  being  the  result  of  Regnault’s 
determinations,  with  the  correction  pointed  out  by  Loi'd  Rayleigh  and  numerically 
estimated  by  Crafts,  and  further  corrected  for  the  force  of  gravity  at  the  University 
of  Virginia. 

The  haloid  salts  of  gold  were  prepared  as  for  the  experiments  of  the  first  and 
second  series,  and  the  careful  filtration  of  their  solutions  was  followed  by  long  con¬ 
tinued  standing  at  rest  before  the  portions  required  were  gently  drawn  off  for  use. 
Great  care  was  taken  in  removing  the  last  traces  of  precipitated  gold  from  the  bulb— 
to  facilitate  which  the  connected  tubes  were  all  cut  off  short — -and  in  repeatedly 
washing  the  metal,  first  with  dilute  sulphuric  acid,  then  with  pure  hydrochloric  acid, 
and,  finally,  with  water,  before  drying,  heating  (in  the  Sprengel  vacuum),  cooling,  and 
weip'hino-. 

The  results  obtained  by  this  method  were  much  freer  from  irregularity,  and  much 
more  satisfactory,  than  those  of  the  electrolytic  experiments.  All  are  reported,  except 
one  or  two  cases  obviously  vitiated  by  mechanical  defects  of  manipulation,  and,  in 
consequence,  not  carried  out  to  the  end. 


Experiments  ivith  Zinc  alone. 


Experiment. 

Zinc  dissolved. 

Hydrogen 
obtained,  at 

0°  C.  and  76u  mm. 

i  Equivalent  ) 

i  1 

Hydrogen,  at  0°  C. 

and  760  mm., 
for  1  grm.  of  zinc. 

I. 

II. 

Ill. 

TV. 

grm. 

2-6990 

2-6771 

2‘70‘29 

2-7117 

c.cm. 

922-64 

915-33 

924-20 

927-51 

c.cm. 

341-85 

341-91 

341- 93 

342- 04 

Or  a  total  amount  of  10‘7907  grin,  of  zinc  gave  3689'68  c.cm.  of  gas,*  equivalent  to 
341 '93  c.cm.  of  hydrogen  for  1  grm.  of  zinc.  This  value  was  adopted  in  calculating 
the  fifth  column  of  the  following  table. 

*  These  figures  represent  an  atomic  weight  for  zinc  =  65'142,  taking  the  weight  of  a  litre  of  hydrogen 
at  O'’  C.  and  760  mm.  as  ‘08079  grm.,  and  assuming  the  zinc  used  to  have  been  absolutely  pure,  and  the 
quantity  of  hydrogen  collected  to  have  been  strictly  equivalent  to  it ;  neither  of  the  two  latter  assump¬ 
tions  is  essential  to  the  use  made  in  this  paper  of  the  experiments.  Reynolds  and  Ramsay  in  their 
recent  paper  (‘  Chem.  Soc.  Journ.,’  Dec.,  1887,  p.  854)  on  the  atomic  weight  of  zinc  arrive  at  a  somewhat 
higher  value,  on  the  basis  of  a  like  comparison  of  the  weight  of  the  metal  with  the  volume  of  hydrogen 
liberated  by  it,  but  they  assume  the  weight  of  the  litre  of  hydrogen  under  normal  temperature  and 
pressure  as  ‘0896  grm.,  which  must  be  considered  too  low  in  view  of  the  recently  applied  correction  of 
Lord  Rayleigh. 
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Experiments  with  Gold  Salt  and  Zinc. 


Cliaracter  of 
gold  used. 

Charactei'  of 
gold  salt. 

Gold 

precipitated 

Hydrogen,  at  0°  C.  and  760  mm. 

H3-drogen  equivalent  to  gold. 

Experiment. 

Oorrespondi  g 
to  total  zinc. 

Obtained  from 
residual  zinc. 

Vol.  at  0°  C. 
and  760  mm. 

Weight. 

I. 

A,  h 

AuCq 

grm. 

10-3512 

c.cm. 

177^44 

c.cm. 

-23-34 

c.cm. 

=  1756-10 

erm. 

=  T5768 

11. 

A,  h 

AuBi-g 

8-2625 

14-28-99 

-28-61 

=  1400-.38 

=  -1-2574 

III. 

A,  h 

AuCk 

8-1004 

1393-43 

-18-56 

=  1374-87 

=  -12345 

IV. 

C 

Aucq 

3-2913 

582-82 

-24-18 

=  558-64 

=  -05016 

V. 

C 

AuBi’g 

3-4835 

606-20 

-15-27 

=  590-93 

=  -05306 

VI. 

D 

AuBi’g 

3-6421 

643-31 

-25-20 

=  618-11 

=  -05550 

In  considering-  possible  causes  of  constant  error  in  the  experiments  of  this  last 
series  it  seems  most  likely  that  they  would  affect  the  exact  determination  of  the 
weight  of  the  precipitated  gold,  either  by  meclianical  loss  of  some  minute  particles  of 
the  metal,  tending  to  lower  the  atomic  weight,  or  by  incomplete  washing  out  of  the 
zinc  salt,  with  an  influence  in  the  opposite  direction.  Any  failure  to  remove  the  last 
traces  of  moisture  from  the  hydrogen  was,  I  think,  effectually  guarded  against,  at  any 
rate  within  such  limits  as  would  have  sensibly  affected  the  resulting  atomic  weight ; 
and  any  error  due  ro  retention  of  hydrogen  in  solution  by  the  liquid  must  also  have 
been  inappreciably  small,  in  view  of  the  precautions  taken  and  the  close  similarity  of 
conditions  in  the  experiments  with  zinc  alone  and  with  zinc  and  the  auric  salt. 


Calculation  of  Residts. 

In  calculating  the  atomic  weight  of  gold  from  the  data  furnished  by  the  experi¬ 
ments  which  have  been  described,  I  have  thought  it  best  to  conform  to  the  most 
general  usage  of  those  who  have  lieen  working  on  questions  of  this  sort  of  late  years, 
so  as  to  facilitate  comparisons  with  the  results  of  others.  Hence,  although  the  atomic 
weight  has  been  calculated  separately  from  the  figures  of  each  experiment  reported, 
the  value  deduced  from  each  series  has  not  been  taken  as  the  arithmetical  mean  of  the 
separate  lesults,  nor  has  tlie  probable  error  of  these  or  of  the  mean  been  calculated  by 
the  metimd  of  least  squares,  as  w-as  done  in  my  paper  on  the  atomic  w^eight  of 
aluminum,  but,  instead,  the  general  result  for  each  series  has  been  obtained,  as  in  the 
calculations  of  Meyer  and  Seubert,  from  the  aggregate  quantities  of  the  materials 
employed,  though  I  am  by  no  means  convinced  that  this  mode  of  reckoning  is  in  all 
cases  sound  in  principle,  giving,  as  it  does,  weight  to  each  experiment  in  proportion  to 
the  quantity  of  material  employed. 

The  atomic  weiglits  assumed  for  the  other  elements  involved  are  those  which  have 
been  most  generally  accepted  in  calculations  of  this  kind,  based  for  the  most  part  on 
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the  experiments  of  Stas,  and  representing,  with  greatest  probability,  the  values  as  at 
present  known  to  us.  They  are  as  follows  : — 

H  =  1. 

Ag  =  107  66. 

Cl  =  35-37. 

N  =  14-01. 

C  =  11-97. 


Calculated  Results. 


The  following  are  the  values  obtained  for  the  atomic  weight  of  gold  from  the 
different  series  of  experiments  ; — 

First  Series. 


(Agg :  Au  :  :  322-98  :  x.) 


Experiment. 

Silver. 

Gold. 

Atomic  -R'eiglit  of  gold. 

I. 

grm. 

12'4875 

grm. 

7-6O75 

196  762 

11. 

13-8280 

8-4212 

196-694 

III. 

11-3973 

6-9407 

196-688  Lo-west  value 

IV. 

5-5286 

3-3682 

196-770  HigLest  value 

V. 

4-6371 

2-8244 

196-723 

- 

47-8785 

29-1620 

196-722 

Second  Series. 

(Agg  :  Au  :  :  322-98  :  x.) 


Experiment. 

Silver. 

Gold. 

Atomic  -weiglit  of  gold. 

i 

T. 

grm. 

13-5149 

grm. 

8-2345 

196-789 

11. 

12-6251 

7-6901 

196-731  Lowe.H  value 

111. 

17-2666 

10-52.33 

196-843  Highest  value 

IV. 

4-5141 

2-7498 

196-746 

V. 

5-8471 

3-5620 

196-756 

VI. 

6-4129 

3-9081 

196-828 

60-1807 

36-6678 

196-790 
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Third  Series. 


(Agi,  :  An  :  :  430 ’64  :  x.) 


Experiment. 

Silver, 

Gold. 

At  >mic  Tveiglit  of  gold. 

1. 

grm. 

12-4851 

grm. 

5-7048 

196-772 

II. 

17-4193 

7-9012 

196-817  Highest  value 

III. 

5-3513 

2-4455 

196-799 

IV. 

9-1153 

4-1632 

196-685  Lo-v-est  value 

44-3710 

20-2747 

196-775 

1 

Fourth  Series. 

(N(CH3)3HCl4  ;  Au  :  :  201-40  :  x.) 


Experiment. 

Loss  by  ignition  of 
trimetlivl-animonium 
anri-chloride. 

Gold. 

Atomic  -R-eiglit  of  gold. 

grm. 

grm. 

I. 

7-5318 

/  *o  /  o4i 

197-218 

11. 

7-8432 

7-6831 

197-289  Highest  value 

III. 

5-2811 

5-1712 

197-209 

i  IV. 

3-3309 

3-2603 

197-131  Lo-west  value 

V. 

2-8165 

2-7579 

197-210 

j 

1 

i 

26-8035 

26-2479 

197-225 

Fifth  Series. 


(Ag  :  Au  :  :  107-66  :  x.) 


Experiment. 

Silver. 

Gold. 

Atomic  weight  of  gold. 

I. 

grm. 

2  8849 

2:rm. 

5  2721 

196-747 

11. 

3-4487 

6-3088 

196-945  Highest  value 

HI. 

2-3393 

4-2770 

196-837 

IV. 

1-9-223 

3-5123 

196-709  Lo-u-est  value 

V. 

2  0132 

3-6804 

196-817 

12-6084 

23-0506 

196-823 
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Sixth  Series 
(H  :  Au  1  X.) 


Experimeut. 

Hydrogen. 

Gold. 

Atomic  vveigl  t  of  gold. 

grm. 

grm. 

I. 

•02053 

4-0472 

197-136 

II. 

•02039 

4-022G 

197-283  Highest  value 

III. 

•02079 

4-0955 

196  994  Lo-west  value 

•0G171 

12-1653 

197-137 

Seventh  Series. 
(Hg  :  Au  : :  3  :  x.) 


Experiment. 

Hydrogen. 

Gold. 

Atomic  weight  of  gold. 

grm. 

fibrin. 

I. 

-15768 

10-3512 

196-941 

II. 

•12574 

8-2525 

196  894 

III. 

•12345 

8-1004 

196-851 

IV. 

•05016 

3-2913 

196-848  Lo-vvest  value 

y. 

•05306 

3-4835 

196-956  Highest  value 

VI. 

•05550 

3-6421 

196-865 

•56559 

37-1210 

196-897 

General  Mean  of  Residts. 

If  each  of  the  foregoing  series  of  experiments  be  represented  by  the  result  calculated 
from  the  aggregates  of  material  used,  and  if  equal  weight  be  attached  to  the  results  of 
all  the  methods,  the  general  mean  derived  from  the  whole  of  the  34  expeiiments  will 
be  as  follows  : — 


First  series . 

196-722 

Lowest  value. 

Second  series . 

196-790 

Third  series . 

196-775 

Fourth  series . 

197-225 

Hio-hest  value 

Fifth  series . 

196-823 

Sixth  series . 

197-137 

Seventh  series . 

196-897 

General  mean . 

196-910 
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The  results  of  the  fifth  and  sixth  series,  obtained  by  electrolysis,  are,  I  am  convinced, 
much  less  entitled  to  confidence  than  any  of  the  others.  If  these  two  be  excluded, 
the  general  mean  of  the  remaining  series  will  be  196’882,  a  number  differing  but 
little  from  the  mean  of  all. 

The  highest  value  is  that  derived  from  the  fourth  series — ignition  of  trimethyl- 
ammonium  auri-chloride.  It  has  been  seen  that  the  individual  results  of  this  series 
agree  fairly  well  with  one  another,  and,  when  examined  in  connection  with  the  facts  as 
to  the  different  crops  of  crystals  of  the  salt  used,  do  not  seem  to  present  any  evidence 
of  want  of  uniformity  in  the  materiai.  But,  as  it  may  still  be  suspected  that  traces  of 
dimethyl-  or  of  monomethyl-ammonium  auri-chloride  may  have  been  present,  and  have 
caused  the  apparent  value  of  the  atomic  weight  of  gold  to  come  out  higher  than  the 
truth,  if  we  exclude  also  this  series,  the  general  mean  of  the  remaining  four  ^rill 

be  196-796. 

Finally,  if  for  the  sake  of  comparison  with  the  results  of  Kru ss  and  of  Thorpe  and 
Laurie  the  general  mean  be  taken  for  the  first  three  series  only,  in  which  auric 
chloride  and  bromide  were  examined,  the  result  is  196-762  — intermediate  between 
the  general  means  of  the  two  previous  researches,  but  rather  nearer  to  that  derived 
from  the  work  of  Thorpe  and  Laurie  than  of  Kruss. 

It  will  be  observed  that,  although  there  is  pretty  close  agreement  among  the  means 
of  results  obtained  by  altogether  different  methods,  this  agreement  is  not  so  close  as 
that  presented  by  the  results  of  the  nearly  similar  methods  pursued  in  the  first  three 
series.  This  cannot  but  suggest  the  probability  of  there  being  still  sources  of  minute 
errors  inherent  in  the  methods  themselves,  and  not  dependent  upon  mere  imperfec¬ 
tions  of  manipulation  in  carrying  these  methods  out.  Although  there  is  thus  to  be 
noticed  a  slight  tendency  on  the  part  of  each  method  to  yield  high  or  low  figures 
severally,  with  the  exception  of  the  results  of  the  fourth  series  there  does  not  appear 
to  be  any  considerable  reason  to  see  in  the  values  ol)tained  confirmation  of  the  special 
suspicions  in  connection  with  each  method  which  have  been  stated.  There  is  no  clear 
evidence  of  any  difference  in  the  results  which  can  be  traced  to  the  history  of  the 
particular  samples  of  gold  used  ;  a  larger  number  of  somewhat  low  results  seem  to 
have  been  yielded  by  the  metal  designated  as  (C) — i.e.,  obtained  from  the  United 
States  Assay  Office  at  New  York — than  by  the  others,  but  the  difference  is  not 
marked  or  constant  enough  to  warrant  any  trustworthy  conclusions  as  to  the  character 
of  this  material. 

Conchidmg  Remarks. 

The  atomic  weight  of  gold  as  deduced  from  the  experiments  reported  in  this  paper 
is  entirely  in  accord  with  the  place  occupied  by  the  metal  in  Mendelejeee’s  periodic  ” 
classification  of  the  elements,  but  this  is  equally  true  of  the  slightly  different  values 
obtained  by  Kruss,  and  by  Thorpe  and  Laurie,  and  the  only  difficulty  at  one  time 
apparent  as  to  this  point — namely,  the  relative  positions  of  gold  on  the  one  hand  and 
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of  platinum,  iridium,  and  osmium  on  the  other — lias  been  removed,  not  hy  any  cliange  in 
the  atomic  weight  of  gold,  but  by  changes  affecting  the  values  to  be  assiofiied  the 
three  other  metals,  as  these  values  have  been  determined  by  Seubert.'''  It  is  very 
desirable  that,  in  order  to  a  fuller  and  more  exact  examination  of  the  Mendelejeff 
table  of  the  elements,  there  be  accomplished  as  soon  as  possible  a  general  revision  of 
the  atomic  weights  of  all  the  elements  of  well  determined  individuality,  so  many  of 
which  are  still  very  imperfectly  known. 

As  to  any  bearing  of  the  results  of  the  present  paper  on  the  so-called  hypothesis  of 
PROUT,t  the  general  mean  of  all  my  results,  or  even  the  general  mean  with  exclusion 
of  the  values  obtained  by  electrolysis,  approaches  the  integer  number  197  rather  more 
nearly  than  does  the  final  number  arrived  at  by  Thorpe  and  Laurie,  and  still  more 
nearly  than  does  that  considered  by  Kruss  to  express  the  final  result  of  his  experi¬ 
ments.  If  the  results  of  the  fourth  series  be  also  rejected,  my  general  mean  will  be 
nearer  the  integer  than  is  the  Kruss  number,  but  not  quite  so  near  as  that  of  Thorpe 
and  Laurie.  I  feel  that  somewhat  greater  confidence  may  be  placed  in  my  own  work, 
simply  on  the  ground  of  its  involving  the  use  of  more  completely  different  and  inde¬ 
pendent  methods — a  principle  which  I  believe  to  be  of  the  first  importance  in  any 
attempts  at  increased  accuracy  in  the  determination  of  atomic  weights. 

At  the  same  time,  as  has  already  been  pointed  out,  this  work  seems  to  me  to  furnish 
some  probable  evidence  that  not  all  inherent  defects  of  method  have  been  eliminated. 
Whether  or  not  such  defects  may  exist  to  an  extent  sufficient  to  account  for  the 
remaining  difference  between  the  value  obtained  and  the  integer  multiple  of  the  atomic 
weight  of  hydrogen  there  does  not  seem  to  be  ground  on  which  to  express  a  positive 
opinion.  But  this  research  does  not  supply  any  clear  evidence  contradictory  of  such 
a  possibility. 

On  this  point,  and  generally  on  the  attainment  of  what  is  sometimes  rather  too 
easily  spoken  of  as  the  greatest  possible  accuracy  in  the  determination  of  an  atomic 
weight — particularly  of  an  element  for  which  the  value  is  as  high  as  that  for  gold — 
any  one  who  actually  works  in  a  conscientious  way  at  such  determinations  will  be 
pretty  sure  to  feel  more  strongly  the  difficulty  of  the  task,  and  to  express  himself 
with  more  caution,  than  do  some  compilers  of  results  in  assuming  at  any  time  that 
the  last  word  has  been  spoken. 


*  ‘  Bericlite  Deatscli.  Cliem.  Gesell.,’  vol.  11,  p.  1770;  vol.  14,  p.  868  ;  vol.  21,  p.  1869. 
t  Soon  after  the  publication  of  my  paj^er  on  the  atomic  weight  of  aluminum,  I  wiis  criticiseil  by  a 
writer  of  abstracts  for  the  German  Chemical  Society  on  account  of  my  use  of  the  expression  “Pkoct’s 
law,”  amazement  being  indicated  that  I  should  have  called  the  “  hypothesis  ”  of  Prout  a  law.  If  this 
writer  had  noticed  my  use  of  inverted  commas,  and  still  more  what  was  said  in  the  course  of  two  or 
three  pages  of  the  paper,  he  would  have  seen  that  the  use  of  the  expression  “  Prout’s  law  ”  was  by  no 
means  equivalent  to  assuming  this  to  be  “  a  law  of  nature.” 
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XIV.  Magnetic  and  other  Physical  Properties  of  Iron  at  a  High  Temperature. 
By  John  Hopkinson,  M.A.,  D.Sc.,  F.P.S. 


Received  April  16, — Read  May  9,  1889. 

[Plates  12-20.] 

It  is  well  known  that  for  small  magnetising  forces  the  magnetisation  of  iron,  nickel, 
and  cobalt  increases  with  increase  of  temperature,  but  that  it  diminishes  for  large 
magnetising  forces.""  Bauer!  has  also  shown  that  iron  ceases  to  be  magnetic  some¬ 
what  suddenly,  and  that  the  increase  of  magnetisation  for  small  forces  continues  to 
near  the  point  at  which  the  magnetism  disappears.  His  experiments  were  made 
upon  a  bar  which  was  heated  in  a  furnace  and  then  suspended  within  a  magnetising 
coil  and  allowed  to  cool,  the  observations  being  made  at  intervals  during  cooling. 
This  method  is  inconvenient  for  the  (Calculation  of  the  magnetising  forces,  and  the 
temperature  must  have  been  far  from  uniform  through  the  bar.  In  my  own  experi¬ 
ments  |  on  an  impure  sample  of  nickel  the  curve  of  magnetisation  is  determined  at 
temperatures  just  below  the  temperature  at  which  the  magnetism  disappears,  which 
we  may  appropriately  call  the  critical  temperature. 

AuerbachS  and  CallendarII  have  shown  that  the  electrical  resistance  of  iron 

II 

increases  notably  more  rapidly  than  does  that  of  other  pure  metals.  Barrett,* * * § **!  in 
announcing  his  discovery  ^of  recalescence,  remarked  that  the  phenomenon  probably 
occurred  at  the  critical  temperature.  Tait investigated  the  thermo-electric  pro¬ 
perties  of  iron,  and  found  that  a  notable  change  occurred  at  a  red  heat,  and  thought 
it  probable  that  this  change  occurred  at  the  critical  temperature. 

It  appeared  to  be  very  desirable  to  examine  the  behaviour  of  iron  with  regard  to 
magnetism  near  tlm  critical  temperature,  and  to  ascertain  the  critical  temperatures 

*  Rowland,  ‘  Phil.  Mag.,’  Nov.,  1874. 

t  ‘Wiedemann,  Annalen,’  vol.  11,  1880. 

X  ‘  Roy.  Soc.  Proc.,’  June,  1888. , 

§  ‘Wiedemann,  Annalen,’  vol.  5,  1878. 

II  ‘  Phil.  Trans.,’  A,  1887. 

^  ‘  Phil.  Mag.,’  Jan.,  1874. 

**  •  Edinbui'gh  Roy.  Soc.  Trans.,’  Dec.,  1879. 
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for  different  samples.  It  also  appeared  to  be  desirable  to  trace  the  resistance  of  iron 
wire  up  to  and  through  the  critical  temperature,  and  to  examine  more  particularly 
the  phenomenon  of  recalescence,  and  determine  the  temperature  at  which  it  occurred. 

The  most  interesting  results  at  which  I  have  arrived  may  be  shortly  stated  as 
follows  : — 

For  small  magnetising'  forces  the  magnetisation  of  iron  steadily  increases  with  rise 
of  temperature  till  it  approaches  the  critical  temperature,  when  it  increases  very 
rapidly,  till  the  permeability  in  some  cases  attains  a  value  of  about  11,000.  The 
magnetisation  then  very  suddenly  almost  entirely  disappears. 

Tlie  critical  temperatures  for  various  samples  of  iron  and  steel  range  from  690°  C. 
to  870°  C. 

Heating  iron  a  little  above  the  critical  temperature  does  not  entirely  wipe  out  all 
effects  of  previous  magnetisation. 

The  temperature  coefficient  of  electrical  resistance  is  greater  for  iron  than  for  other 
metals  ;  it  increases  greatly  with  increase  of  teinperature  till  the  temperature  reaches 
the  critical  temperature,  when  it  suddenly  changes  to  a  value  more  nearly  approaching 
to  other  metals.  Kecalescence  does  occur  at  the  critical  temperature.  The  quantity 
of  heat  liberated  in  recalescence  has  been  measured  and  is  found  to  be  quite  com¬ 
parable  with  the  heat  required  to  melt  bodies. 

Since  making  the  experiments  and  writing  the  preliminary  notes  which  have 
already  appeared  in  the  ‘  Proceedings  of  the  Royal  Society,’  my  attention  has  been 
called  to  two  papers  which  deal  in  part  with  some  of  the  matters  on  which  I  liave 
been  experimenting.  Pionchon'"  has  shown  that  the  specific  heat  of  iron  is  very 
much  greater  at  a  red  heat  than  at  ordinary  temperatures.  W.  Kohlrausch,!  in  an 
interesting  paper,  shows  that,  whereas  the  temperature  coefficient  of  resistance  of  iron 
is  much  greater  than  usual  for  temperatures  below  the  critical  temperature,  it 
suddenly  diminishes  on  passing  that  temperature.  He  also  identifies  the  temperature 
of  recalescence  with  the  critical  temperature.  So  far  as  resistance  of  iron  is  con¬ 
cerned,  W.  Kohlrausch  has  anticipated  my  results,  which  I  give,  however,  for  the 
sake  of  completeness. 

Mcujnetic  Expe ; -iments. 

The  method  of  performing  the  magnetic  experiments  was  the  same  as  that  used  by 
Rowland.  The  copper  wire  was,  however,  insulated  carefully  with  asbestos  paper 
laid  over  the  wire,  and  with  layers  of  asbestos  paper  between  the  successive  layers  of 
the  wire.  The  insulation  resistance  between  the  primary  and  the  secondary  coils  was 
always  tested,  both  at  the  ordinary  temperature  and  at  the  maximum  temperature 
used.  At  the  ordinary  temperature  this  resistance  always  exceeded  a  megohm ;  at 

*  ‘  Comptes  Rendus,’  vol.  103,  p.  1122. 
t  ‘  Wiedemann,  Aunaleii,’  vol.  33,  1888. 
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the  maximum  temperature  it  exceeded  10,000  ohms,  and  generally  lay  between 
10,000  and  20,000  ohms.  The  ring’  to  be  examined,  with  its  coils  of  copper  wire, 
was  placed  in  a  cylindrical  cast-iron  box,  and  this  in  a  Fletcher  gas  furnace,  the 
temperature  of  which  was  regulated  by  the  supply  of  gas.  The  temperatures  were 
estimated  by  the  resistance  of  the  secondary  coil.  It  was  observed  that  the 
resistance  of  this  coil  at  the  ordinary  temperature  increased  slightly  after  being 
raised  to  h.  high  temperature  :  this  I  attribute  to  oxidation  of  the  wire  where  it 
leaves  the  cast-iron  box.  However,  it  introduced  an  element  of  uncertainty  into  the 
determination  of  the  actual  temperatures,  amounting,  perhaps,  to  20°  0.  at  the 
highest  temperature.  This  error  will  not  affect  the  differences  between  neighbouring 
temperatures^  with  which  we  are  more  particularly  concerned. 

The  resistance  of  the  ballistic  galvanometer  is  0’43  ohm;  to  this  additional 
resistances  were  added  to  give  the  necessary  degree  of  sensibility.  The  ratio  of 
two  successive  elongations  of  the  galvanometer  is  (1  -|-  >’)/!  =  1T2/1.  The  time  of 
oscillation  T  and  the  sensibility  varied  a  little  during  the  experiments,  but  so  little, 
that  the  correction  woidd  fall  within  the  limits  of  errors  of  observation  in  these 
experiments. 


The  total  induction  = 


7— R.A.IO®,  where  C  is  the  current  which 
In 


gives  the  dedection  a,  n  is  the  number  of  turns  in  the  secondary  coil,  R  the  resistance 
of  the  secondary  circuit,  A  the  mean  of  the  first  and  second  elongations  on  reversal  of 
the  current  in  the  primary. 

The  magnetising  force  =  47rmc//,  where  m  is  the  number  of  turns  in  the  primary, 
I  the  mean  length  of  lines  of  force  in  the  ring,  c  the  current  in  absolute  measure  in  the 


primary. 

With  my  galvanometer  as  adjusted,  a  Grove’s  cell,  the  E.M.F.  of  which  was  at  the 
time  determined  to  be  I’SOO  volt,  gave  a  deflection  of  1 58 ’5  divisions  through  a 
resistance  of  .00, 1 70  ohms,  whence 


Hence 


d 


1-800 

158-5x50,170 


0-0000002264, 


T  =13-3. 


C 

a.  Itt 


5-09  X  10 "h 


The  ring  method  of  experiment  is  open  to  the  objection  that  the  magnetising  force 
is  less  in  the  outer  than  in  the  inner  portions  of  the  ring.  The  results,  in  fact,  give 
the  average  r^esults  of  forces  which  vary  between  limits. 

Wrought  Iron. — The  sample  of  wrought  iron  was  supplied  to  me  by  Messrs. 
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Mather  and  Platt.  I  have  no  analysis  of  its  composition.  I  asked  for  the  softest 
iron  they  could  supply. 

The  dimensions  of  the  ring  were  as  shown  in  tlie  accompanying  sketch 


The  area  of  section  is  Pl)05  sq.  cm.  The  area  of  the  middle  line  of  the  secondary 
coil  is  estimated  to  he  2 ‘5 8  sq.  cms.  This  estimate  is,  of  course,  less  accurate  than 
the  area  of  section  of  the  ring  itself. 

The  secondary  coil  had  48  convolutions,  the  primary  100  convolutions. 

At  the  beginning  of  the  experiments  the  insulation  resistance  of  the  secondary 
from  the  ]3rimary  was  in  excess  of  1  megohm ;  the  resistance  of  the  secondary  and 
the  leads  was  0’692,  the  temperature  being  8°’3  C. 

The  resistance  of  the  leads  to  the  secondary  and  of  the  part  of  the  secondary 
external  to  the  furnace  was  estimated  to  be  0'04. 

A  curve  of  magnetisation  was  determined  at  the  ordinary  temperature  on  the 
virgin  sample  with  the  following  results,  shown  graphically  in  Curve  I.  ;  in  each  case 
the  observation  was  repeated  twice  with  reversed  direction  of  magnetising  currents, 
and  the  kicks  in  the  galvanometer  were  found  to  agree  very  closely  together  : — 

Magnetising  force  .  0‘15  0‘3  0'6  I'2  2’2  4'4  8'2  I4’7  24'7  37'2^  69‘2 

Induction  per  sq.  cm.  39'5  116  329  1,660  6,041  10,144  12,633  14,059  14,702  15,149  15,959 

The  ring  was  next  heated  and  observations  were  made  with  a  magnetising  force  of 
8‘0  to  ascertain  roughly  the  point  at  which  the  magnetism  disappeared.  After  the 
magnetism  had  practically  disappeared  and  the  temperature  was  roughly  constant,  as 
indicated  by  the  resistance,  being  2‘92  before  the  experiment  and  2'85  after  the 
experiment,  corresponding  with  temperatures  of  838°  C.  and  812°  C.,  the  induction 
was  determined  for  varying  magnetising  forces. 

Magnetising  force  .  .  .  2'4  4'2  8'0  21'0  49‘8 

Total  induction  ....  small  12’3  22'7  58'2  143 

This  shows  that  the  induction  is,  so  far  as  the  experiment  goes,  proportional  to  the 
inducing  force. 

Taking  the  total  induction  as  143,  corresponding  to  a  force  of  49 '8,  have 

*  [Added  July  2,  1889. — Sir  Joseph  Whitworth  and  Co.  have  since  kindly  analysed  this  samjile  for  me 
'with  tLe  following  result : — 

C  Mn  S  Si  P  Slagt 

Percent.  .  ,  .  ‘OlO  -143  '012  Nil  '271  ‘436  - 

.  t  Containing  74  per  cent.  SiOo  (Silica).] 
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incluction  in  the  iron  109,  or  57  per  sq.  cm.,  giving  permeability  equal  to  1‘14, 
showing  that  the  material  lias  suddenly  become  non-magnetic. 

The  ring  was  now  allowed  to  cool,  some  rough  experiments  being  made  during 
coolino-.  When  cold  the  resistance  of  the  secondary  and  the  leads  was  found  to  be 
0‘697  ohm.  The  ring  was  again  heated  till  the  resistance  of  the  secondary  readied 
2 ‘8 45  and  the  magnetism  had  disappeared.  It  was  next  allowed  to  cool  exceedingly 
slowly,  and  the  following  observations  were  made  with  a  magnetising  force  of 
0'075  C.G.S.  unit: — 


Resistance  of  secondaiy 
Temperature  .  .  .  . 


Incluction  per  sq.  cm. 


2-81 

796° 

0 


2-80 

792° 

0 


2-79  2-78  2-76.5 

788°  785°  781° 

V - ^ - y 

0  126-8 


showing  that  magnetisation  returns  at  a  temperature  corre.sponding  to  resistance 
between  2 ‘7 8  and  2 ‘765. 

Systematic  observations  then  began.  Tlie  results  are  given  in  the  following  tables 
and  the  curves  to  which  reference  is  made.  The  curves  are  in  each  case  set  out  to 
two  scales  of  abscissae,  the  better  to  bring  out  their  peculiarities. 


Tables  1-4. 


Table  1,  Curve  II. 

Table  2,  Curve  III. 

Resistance  of  second- ' 

ary  before  experi- 

^  2-76 

2- 

75 

ment 

TemjDerature  of 

se-' 

condary  before 

ex- 

^778°C. 

775 

°  C. 

peri  ment 

- 

Resistance  of  second- ' 

ary  after  experi- 

^  2-75 

2- 

73 

ment 

Temperature  of 

se- ' 

condary  after 

ex- 

^775"C. 

767 

0. 

periment 

J 

Magnetising 

Induction  per 

Maanetisino- 

Induction 

force. 

sq. 

cm. 

force. 

per  sq.  cm. 

0-075 

511-8 

0-075 

494 

i  0-15 

1313-9 

0-15 

1033 

0-3 

2482-6 

0-30 

3286 

0-6 

32 

57-4 

0-6 

4520 

1-2 

3659-2 

1-2 

5.367 

2-4 

4104-0 

2-4 

5668 

4-4 

4520-0 

4-2 

6056 

7-8 

6228 

12-8 

6587 

45-2 

6945 

Table  3,  Curve  IV. 


2-72 

76.3°  C. 

2-695 

754°  C. 


Magnetising- 

force. 


0-075 


0-15 

0-.3 

0-6 

1-2 

2-2 

7-6 

13-0 

46-6 


Induction 
per  sq.  cm. 


328 
260 
710 
635 
'  2:304 
5281 
6544 
7318 
8036 
8323 
8581 


Table  4,  Curve  V, 


2-67 


2-66 

741°  C. 


Magnetising 

force. 


0-075 

0-15 

0-3 

0-6 

2-2 

7-6 

47-2 


Induction 
per  sq.  cm. 


227 

180 

473 

425 

1281 

1172 

5377 

8165 

9-295 

9781 
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Tables  5-8. 


■ 

Table  5,  Curve  VI. 

Table  6,  Curve  VII. 

Table  7,  Curve  VIII. 

Table  8,  Cun^e  IX. 

! 

Resistance  of  second-'! 
ary  before  experi-  >  2'CL 
ment  J 

Temperature  of  se-1 
condary  before  ex-  >  722°  C. 
periment  J 

Resistance  of  second-  1 
ary  after  experi-  >  2‘61 
ment  J 

Temperature  of  se-"] 
condary  after  ex-  >722°C. 
periment  J 

2-47 

670°  C. 

2-47 

670°  C. 

2-29 

603°  C. 

2-21 

573°  C. 

2-0 

494°  C. 

1-94 

472°  C. 

Magnetising 
■  force. 

Indiiclion  per 
sq.  cm. 

Magnetising 

force. 

Induction 
per  sq.  cm. 

1 

Magnetising 

force. 

Induction 
per  sq.  cm. 

Magnetising 

force. 

Induction 
per  sq.  cm. 

0-075 

0-15 

0-.30 

0-6 

2-2 

7-6 

47-2 

/  163 

1  125 

/  305 

1  278 

/  762 

[  726 

4,004 
[  8,952 

1  8,895 
10,410 
/  11,224 

1 11,111 

0-075 

0-16 

0-3 

0-6 

2-2 

7-6 

47-8 

77 

162 

427 

1,516 

9,381 

11,562 

12,859 

- 

0-075 

0-15 

0-30 

0-60 

2-2 

7-6 

50-6 

/  68 

1  50 

/  128 

1  -108 
/  307 

1  275 
/  908 

1  8.34 
9,604 
11,992 
14,470 

0-075 

0-15 

0-3 

0-6 

2-2 

7-6 

5.3-5 

/  54-7 

1  35-8 
/  98 

1  5^-5 

/245 
1195 
/  742 
\590 
9,433 
12,273 
15,201 

At  this  stage  the  ring  was  allowed  to  cool  down,  and  on  the  following  day  a 
determination  was  made  of  the  curve  at  oi’dinary  temperature  of  9°’6  C.  (Curve  X.) 

Magnetising  force  .  0'075  0T5  0'3  0'6  1'2  2‘2  4‘0  6‘8  11'4  17'3  57'0 

Induction  per  sq.  cm.  21-6 1  41T 1  1161  SOS')  1,482  6,912  10, .341  12,410  13,640  14,255  15,623 
13-0  /  32'0/  93/  273  / 

The  ring  was  next  heated  till  the  resistance  reached  about  2'4,  was  allowed  to  cool 
somewhat,  and  a  curve  was  determined  (Curve  XL)  at  a  resistance  of  1‘69  to  1'64. 
Temperature  378°  C.  to  354°  C. 


Magnetising  force 

0-075 

0-15 

0-3 

0-6 

1-2 

2-2 

4-0 

7-6  13-1  51-7 

Induction  per  sq.  cm. 

38-1 

931 

26.3 

874 

4,288 

8,818 

11,296 

12,589  13,404  15,174 

44/ 

101  / 

Tn  addition  to  the  variation  of  magnetisability  depending  on  the  temperature,  these 
numbers  show  one  or  two  interesting  facts.  Where  two  observations  are  given  these 
are  the  results  of  successive  reversals  in  opposite  directions.  After  each  experiment 
the  ring  was  demagnetised  by  reversals  of  current  ;  thus  currents  successively 
diminishing  in  amount  were  passed  through  the  primary,  each  current  being  reversed 
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ten  times.  The  last  currents  gave  magnetising  forces  1'2,  0'6,  0’3,  0'15,  0‘075,  O’Oo. 
The  inequality  of  successive  observations  is  due  to  the  residual  effect  of  the  current 
last  applied  ;  it  is  remarkable  to  observe  how  greatly  this  small  force  affects  the 
result.  In  Curve  XI.  the  first  deflection  was  caused  by  a  reversal  of  a  current 
opposite  to  the  last  demagnetising  current. 

Comparing  Curves  X.  and  I.  we  see  that  the  effect  of  working  with  the  sample  is 
to  diminish  its  magnetisability  for  small  forces,  a  fact  which  will  be  better  brought 
out  later. 

Referring  now  to  the  temperature  effects,  we  see  that  as  the  temperature  rises  the 
steepness  of  the  initial  part  of  the  curve  increases,  but  the  maximum  magnetisation 
diminishes.  The  coercive  force,  that  is,  the  force  required  to  completely  demagnetise 
the  material  after  it  has  been  exposed  to  a  great  magnetising  force,  also,  judging  from 
the  form  of  the  ascending  curves,  diminishes  greatly. 

In  Curves  XII.,  XIII.,  and  XIV.  the  abscissae  are  temperatures,  and  the  ordinates 
are  induction-magnetising  force,  called  by  Sir  William  Thomson  the  permeability, 
and  usually  denoted  by  p,.  These  curves  correspond  to  constant  magnetising  forces  of 
0’3,  4‘0,  4.5 '0.  They  best  illustrate  the  facts  which  follow  from  these  experiments. 
Looking  at  the  curve  for  0‘3,  we  see  that  the  permeability  at  the  ordinary  temperature 
is  367  ;  that  as  the  temperature  rises  the  permeability  rises  slowly,  but  with  an 
accelerated  rate  of  increase  ;  above  681°  C.  it  increases  with  very  great  rapidity,  until 
it  attains  a  maximum  of  11,000  at  a  temperature  of  775°  C.  Above  this  point  it 
diminishes  with  extreme  rapidity,  and  is  practically  unity  at  a  temperature  of  786°  C. 

Regarding  the  iron  as  made  up  of  permanently  magnetic  molecules,  the  axes  of 
which  are  more  or  less  directed  to  parallelism  by  magnetising  force,  we  may  state  the 
facts  shown  by  the  curve  by  saying  that  rise  of  temperature  diminishes  the  magnetic 
moment  of  the  molecules  gradually  at  first,  but  more  and  more  rapidly  as  the  critical 
temperature  at  which  the  magnetism  disappears  is  approached,  but  that  the  facility 
with  which  the  molecules  have  their  axes  directed  increases  with  rise  of  temperature 
at  first  slowly,  but  very  rapidly  indeed  as  the  critical  temperature  is  approached. 

Whit'ivo7'th’s  Mild  Steel. — This  sample  was  supplied  to  me  by  Sir  Joseph  Whit¬ 
worth  and  Co.,  who  also  supplied  me  with  the  following  analysis  of  its  composition  : — 

C  Mn  S  Si  P 

Per  cent.  .  .  ’126  ”244  '014  '038  ‘047 

The  dimensions  of  the  ring  were  as  shown  in  the  accompanying  sketch. 
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The  area  of  section  of  the  ring  is  1’65  sq.  cm.  The  area  of  the  middle  line  of  the 
secondary  coil  is  estimated  to  be  2 ’32  sq.  cms. 

The  secondary  coil  had  56,  the  primary  98,  convolutions. 

The  resistance  of  the  secondary  and  leads  was  0'81  at  12°  C. 

The  ring  was  at  once  raised  to  a  temperature  at  which  it  ceased  to  be  magnetic  ; 
with  a  magnetising  force  of  32’0,  the  total  induction  was  observed  to  be  80‘8,  giving 
the  value  of  the  permeability  1’12. 

The  insulation  resistance  between  the  primary  and  the  secondary  was  observed  to 
be  12,000  ohms. 

The  ring  was  now  allowed  to  cool  very  slowly;  at  resistance  of  3 ’00,  corresponding 
to  a  temperature  of  723°  C.,  the  ring  was  non-magnetic  ;  at  2‘99,  corresponding  to 
720°  C.,  it  w'as  distinctly  magnetic. 

The  following  five  series  of  observations  were  made  at  descending  temperatures,  the 
means  of  two  observations  being  in  each  case  given  ;  the  sample  was  demagnetised  by 
reversals  after  each  experiment  : — 

Tables  9-13. 


Table  9,  Curve  XV. 

Table  to, 

Curve  XVI. 

Table  1 1, 

Curve  XVI I. 

Table  12, 

Curve  XVIII. 

Table  13, 

Curve  XIX. 

Resistance 

at  I 

beginning  of  >  2'99 

2-71 

2-31 

1-80 

0-812 

experiment  J 
Temperature  5 
at  beginning  1  q 

of  experi-  f 

ment  J 

630 

°  C. 

500 

°  C. 

333 

°  C. 

12" 

C. 

Resistance 

at  1 

end  of  ex-  >  2'95 

2-75 

2-245 

1-80 

0-812 

periment 
Temperatui 
at  end 

of  l708°C. 

645 

°  0. 

478 

°  c. 

333 

°  G. 

12°  C. 

experiment  J 

Magnetising 

force. 

Induction 
per  sq.  cm. 

Magnet¬ 

ising 

force. 

Induction 

per 

sq.  cm. 

Magnet¬ 

ising 

force. 

Induction 

per 

sq.  cm. 

Magnet¬ 

ising 

force. 

Induction 

per 

sq.  cm. 

Magnet¬ 

ising 

force. 

induction 

per 

sq.  cm. 

0-075 

607 

0-075 

140 

0-075 

77 

0-075 

73 

0-075 

19 

0-15 

1214 

0-15 

295 

0-15 

161 

0-15 

125 

0-15 

48 

0-3 

2031 

0-3 

1,098 

0-30 

396 

0-30 

293 

0-3^ 

119 

0-6 

2698 

0-6 

4,175 

0-60 

1,847 

0-6 

813 

0-6 

312 

1-2 

3181 

1-2 

6,163 

1-2 

5,217 

1-2 

4,552 

0-9 

884 

2-2 

3607 

21 

8,122 

2-1 

7,642 

2-1 

7,840 

1-7 

5,087 

7-6 

4118 

7-5 

10,900 

7-7 

11,586 

7-4 

12,232 

3-3 

9,535 

36-9 

4800 

.38-0 

12,074 

40-4 

14,816 

42-6 

15,180 

6-1 

12,387 

10-7 

13,991 

45-0 

16,313 
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The  following  experiment  is  instructive,  as  showing  a  phenomenon  which  constantly 
recurs,  namely,  that  after  not  quite  perfect  demagnetisation,  as  above  described,  the 
first  kick  of  the  galvanometer  being  in  the  same  direction  as  the  last  magnetising 
force,  the  first  kick  is  very  materially  greater  than  the  reverse  kick  for  small  magnet¬ 
ising  forces,  is  somewhat  less  for  medium  forces,  and  about  the  same  for  great  forces. 
I  have  no  explanation  of  this  to  offer. 

The  ring  was  heated  until  the  resistance  of  the  secondary  coil  was  about  2' 4, 
corresponding  to  a  temperature  of  529°  C.  Currents  successively  diminishing  in 
amount  were  then  passed  through  the  primary,  each  current  being  reversed  ten  times. 
The  last  currents  gave  magnetising  forces  1‘2,  0‘6,  0*3,  0T5,  0'075,  and  0‘05,  the 
intention  being  to  demagnetise  the  sample.  The  ring  was  allowed  to  cool  till  the 
resistance  of  secondary  was  2'0,  corresponding  to  a  temperature  of  398°  C.  The 
following  series  of  observations  was  made  ;  the  first  kick  was  in  all  cases  produced  by 
a  reversal  of  current  from  the  direction  of  the  last  demao-netising  current ;  the  second 
kick  by  a  reversal  in  the  opposite  sense. 

Table  14. 


Magnetising: 

Galvanometer 

Eesistance  in 

force. 

kick. 

circuit. 

0-075 

i 

20-51 
L  13-5  J 

12-43 

0-15 

41-51 
32-5  J 

?  > 

0-3 

r  104-0 
81-0 

5) 

0-6 

r  284-51 
L  241-0  J 

1-2 

143-5  1 
L 150-0  J 

102-43 

2-1 

i 

r  262-5  1 
L  265-0  J 

^  5 

'  4-0 

i 

r  351-01 
L  351-0  J 

5? 

7-3 

1210-01 

211-5 

202-43 

12-1 

1  235-51 
234-0 

5  ? 

43-4 

272-5  1 
L  271-5  J 

9? 

The  resistance  of  the  secondary  coil  at  the  end  of  the  experiment  was  2‘05  ; 
temperature,  415°  C. 

The  sample  was  again  heated  until  it  became  non -magnetic,  and  then  allow^ed  to 
cool  very  slowly,  and  the  following  series  of  observations  w^ere  made,  the  ring  being- 
demagnetised  as  before  after  each  series.  The  actual  kicks  of  the  galvanometer  are 
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given,  as  they  illustrate  further  the  point  last  mentioned.  In  the  first  two  series  o 
one  kick  was  taken,  to  save  time. 


Table  15. 


Magnetising 

force. 

Galvanometer 

kick. 

Eesistance  in 
circuit. 

Induction  per 
sq.  cm. 

Eesistance  of 
coil. 

Temperature. 

°  C. 

3-025 

733 

0-075 

64-5 

3-455 

61 

0-15 

287-0 

3-454 

273 

0-3 

244-0 

13-453 

903 

0-6 

199-0 

23-452 

1286 

1-2 

241-0 

23-451 

1554 

2-0 

290-0 

23-450 

1870 

3-019 

731 

Table  16. 


Magnetising 

force. 

Galvanometer 

kick. 

Eesistance  in 
circuit. 

Induction  per 
sq.  cm. 

Eesistance  of 
coil. 

Temperature. 

o  C. 

3-018 

730 

0-075 

133 

13-448 

492 

0-15 

305 

13-448 

1128 

0-3 

302 

23-448 

1948 

0-6 

91 

103-449 

2584 

1-2 

95 

103-449 

2698 

37-4 

137 

103-449 

2891 

3-019 

731 

Table  17. 


Magnetising 

force. 

Galvanometer 

kick. 

Eesistance  in 
circuit. 

Induction  per 
sq.  cm. 

Eesistance  of 
coil. 

Temperature. 

°  C. 

3-018 

730 

0-075 

214 

13-448 

792 

0-075 

149 

13-447 

551 

0-075 

145 

13-445 

536 

0-6 

102 

103-444 

2897 

38-4 

150 

103-442 

4260 

3-012 

729 
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Table  18. 


Magnetising 

force. 

Galvanometer 

kick. 

Eesistance  in 
circuit. 

Induction  per 
sq.  cm. 

Resistance  of 
coil. 

Temperature. 

°  C. 

3-01 

728 

0075 

229 

13-44 

847 

0-075 

155 

13-44 

573 

0-3 

89 

103-44 

2528 

0-075 

154 

13-43 

570 

0-3 

96 

103-43 

2726 

1-2 

132 

103-43 

3749 

7-3 

156 

103-43 

4430 

37-2 

I8I 

103-43 

5155 

3-0 

725 

The  sample  was  again  heated  until  it  became  non-magnetic.  A  magnetising  force 
of  0'075  was  applied  by  a  current  in  the  primary  during  heating,  and  was  taken  off 
entirely  by  breaking  the  primary  circuit  when  the  sample  was  non-magnetic.  The 
sample  was  allowed  to  cool  to  the  ordinary  temperature  of  the  room,  12°  C.,  and  the 
following  series  of  observations  was  made,  the  first  reversal  being  from  the  direction 
of  the  force  of  0‘075  which  had  been  applied  when  the  ring  was  heated. 


Table  19. 


Magnei  ising 

Galvanometer 

Resistance  in 

Induction  per 

force. 

kick. 

circuit. 

sq.  cm. 

0-075 

120 

1-244 

41 

87 

99 

30 

0-15 

249 

85 

210 

72 

0-3 

62 

11-244 

193 

58 

99 

179 

0-6  V 

178 

99 

550 

154 

476 

1-2 

59 

55 

101-244 

99 

■ 

1,590 

2-2 

227 

223 

99 

■ 

6,300 

4-0 

7-3 

357 

363 

99 

201-24 

99 

■ 

>  10,080 

226 

228 

>  12,553 

12-1 

252 

' 

•  13,991 

254 

18-8 

268 

270 

9  9 

99 

■ 

■  14,876 

25-9 

99 

275 

278 

9  9 

99 

■ 

.  15,318 

42-4 

i  99 

1 

1 

293 

291 

99 

99 

■ 

-  16,148 
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In  addition  to  the  fact  that  the  first  kick  is  largest  for  small  forces,  this  shows,  I 
think,  that  heating  a  sample  above  the  critical  temperature  does  not  destroy  its 
remembrance  of  magnetic  force  applied  before  and  during  heating.  It  would  seem  that 
the  molecules  of  iron  lie  as  they  were  placed  by  the  magnetising  force  even  after  their 
magnetisation  has  disappeared  by  heating,  and  that  when  they  become  again  capable 
of  magnetisation  by  cooling  the  effect  of  the  position  of  their  axes  is  again  apparent. 

The  ring  was  now  demagnetised  by  reversed  currents,  but  these  were  successively 
reduced  to  a  force  of  O' 00 75,  instead  of  0'05  as  heretofore,  and  the  following  series  of 
observations  was  made  : — 

Table  20. 


Magnetising 

Galvanometer 

Resistance  in 

Induction  per 

force. 

kick. 

circuit. 

sq.  cm. 

0-075 

77-01 
79-0  J 

1-24 

27 

0-15 

180-01 

62 

183-0  J 

99 

0-3 

>9 

52-01 
52-5  J 

11-24 

161 

0-6 

126-01 
125  Oj 

9’ 

389 

1-2 

99 

47-5] 
47-0  J 

101-24 

1,314 

2-1 

222-01 
223-0  J 

99 

6,172 

4-0 

99 

361-01 
366-0  J 

99 

10,119 

7-5 

99 

228-0  1 
228-0  J 

201-24 

12,636 

12-3 

253-01 
252-0  J 

9 

13,991 

18-8 

270-01 
269-0  J 

,, 

14,903 

25-1 

276-5  1 
276-0  J 

15,277 

42-2 

99 

291-01 
289-5  J 

99 

16,087 

This  series  shows  two  things  :  first,  when  the  demagnetising  force  is  taken  low 
enough  there  is  no  asymmetry  in  the  galvanometer  kicks  ;  second,  the  effect  of 
demagnetising  by  reverse  currents  is  to  reduce  the  amount  of  induction  for  low 
forces. 

The  ring  was  now  heated  to  a  resistance  of  secondary  of  3'18,  temperature  783° G., 
the  ring  becoming  non-magnetic  at  3 '03,  temperature  734°  C.  or  thei'eabouts,  a  mag¬ 
netising  force  of  about  12  C.G.S.  units  being  constantly  applied.  The  magnetising 
force  was  then  taken  off  and  the  ring  was  allowed  to  cool,  and  the  following  series 
was  made  ;  the  first  kick  being  in  all  cases  produced  by  reversal  from  the  direction  of 
the  current  applied  during  heating. 
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Table  21. 


Masnetising 

Galvanometer 

Resistance  in 

Induction  per 

force. 

kick. 

circuit. 

sq.  cm. 

0T5 

28  5' 
28-0 

11-26 

87 

?? 

218-0 
214-0  j 

1-26 

75 

0-3 

66-5 

66-0 

11-26 

205 

0-6 

182-0 

565 

167-0 

55 

518 

162-0 

502 

157-0 

488 

1-2 

329-0 

21-26 

1,925 

293-0 

1,714 

2-2 

230-0  1 
227-0  J 

101  26 

6,398 

4-0 

181-01 
179-0  J 

201-26 

10,000 

7-3 

225-0  1 
223-0  J 

55 

12,410 

11-6 

250-0  1 
249-0  J 

55 

13,850 

18-0 

264-0  1 
263-0  J 

14,626 

28-3 

274-0  ' 
274-0  J 

55 

15,180 

46-2 

51 

288-0  1 
286-0  J 

55 

15,900 

From  this  table  it  will  be  observed  that  the  induction  for  low  forces  has  again 
increased  ;  that  the  ring  still  recollects  its  state  previous  to  heating. 

The  ring  was  again  demagnetised,  wuth  currents  ranging  down  to  0'0075,  and  the 
following  series  of  experiments  was  made  :  — 
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Table  22. 


Magnetising 

Galvanometer 

Resistance  in 

Induction  per 

force. 

kick. 

circuit. 

sq.  cm. 

0075 

74-5  1 
76-5  J 

1-26 

26 

0T5 

175-01 
180-0  J 

62 

0-3 

51- 5  1 

52- 5  J 

11  26 

161 

0-6 

125-01 
125-0  J 

389 

1-2 

2,31-0  1 
2-24-0  J 

21-26 

1,331 

2-2 

223-0  1 
2240  J 

101-26 

6,272 

4-0 

1 

361-0 
365-0  J 

10,192 

7-7 

224-0  1 
229-0  J 

201-26 

12,576 

13-1 

252-01 
254-0  J 

14,016 

20-4 

266-01 
269-0  J 

14,847 

28-8 

277-01 
276-0  J 

15,346 

517 

292-01 

292-0 

16,455 

It  will  be  seen  that  this  series  agrees  very  closely  with  Table  20,  evidence  of  the 
general  accuracy  of  the  results. 

The  ring  was  lastly  demagnetised  and  heated  to  a  resistance  of  secondary  of 
3*19,  temperature  787°  C.,  under  a  magnetising  force  *075,  which  was  removed  when 
the  ring  was  at  its  highest  temperature  ;  the  ring  was  cooled,  and  the  following 
observations  made.  In  this  case,  however,  the  first  kick  was  due  to  a  reversal  from  a 
current  opposed  to  the  current  which  was  applied  during  heating. 


Table  23. 


Magnetising 

Galvanometer 

Resistance  in 

Induction  per 

lorce. 

kick. 

circuit. 

sq.  cm. 

0-075 

84-01 
84-5  J 

1-43 

33 

0-15 

192-0  1 
195-0  J 

1-43 

75 

0-3 

55 

60-01 
62-0  J 

11-43 

192 

0-6 

153- 01 

154- 0 

480 

1-2 

321-0  1 
?  302-5  J 

21-43 

1,891 

2-2 

55 

239-0 
238-0  J 

101-43 

6,678 

4-0 

55 

367-01 

366-0 

"5 

10,262 

7-3 

227-0 

226-0 

201-43 

12,576 
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This  shows  doubtfully  the  effects  of  magnetisation  previous  to  heating,  but,  com¬ 
paring  it  with  Table  10,  it  completes  the  proof  that  the  asymmetry  was  in  that  case 
clue  to  the  magnetising  force,  which  had  been  stopped  when  the  ring  was  non¬ 
magnetic. 

I  have  dwelt  at  length  on  these  experiments  because  they  show  two  things  :  first, 
that  heating  until  the  ring  becomes  non-magnetic  does  not  clear  the  material  of  the 
magnetism  when  it  is  afterwards  cooled  ;  second,  that  demagnetisation  by  reversal 
does  not  bring  back  the  material  to  its  virgin  state,  but  leaves  it  in  a  state  in  which 
the  induction  is  much  less  for  small  forces  and  greater  for  medium  forces  than  a 
perfectly  demagnetised  ring  would  show. 

To  return  to  the  effects  of  temperature,  Curves  XX.,  XXI.,  and  XXII.  show  the 
relation  of  permeability  to  temperature  for  magnetising  forces  0'3,  4,  and  30. 

It  will  be  seen  that  they  present  the  same  general  characteristics  as  the  curves  for 
wrought  iron.  The  irregularities  are  due  in  part,  no  doubt,  to  the  dej^endence  of  the 
observations  on  previous  operations  on  the  iron  ;  in  part,  to  uncertainty  concerning  the 
exact  agreement  of  temperature  of  iron  and  temperature  of  secondary  coil. 

Whitivortlis  Hard  Steel. — This  sample  was  supplied  to  me  with  the  following 
analysis  of  its  composition  : — 

C  Mn  S  Si  P 
Per  cent .  962  -212  -017  *164  -016 

The  dimensions  of  the  ring  were  exactly  the  same  as  the  mild  steel. 

The  secondary  coil  had  56,  the  primary  101,  convolutions.  ' 

The  resistance  of  the  secondary  and  leads  was  '732  at  8°  C. 

Experiments  were  first  made  with  the  ring  cold,  partly  to  show  the  changes  caused 
by  annealing,  and  partly  to  examine  the  behaviour  of  the  virgin  steel. 

The  first  series  given  in  Table  24  was  made  on  the  virgin  steel.  The  actual  elonga¬ 
tions  on  the  galvanometer  are  given,  as  they  afford  a  better  idea  of  the  probable  errors 
of  observation.  These  shqw  that  for  very  small  forces  the  first  and  second  elongations 
are  practically  equal,  but  that  for  forces  between  1  C.G.S.  unit  and  14  C.G.S.  units 
the  first  elongation  is  very  materially  greater  than  the  later  elongations. 

The  ring  was  now  demagnetised,  with  magnetising  forces  ranging  down  to  0'0045, 
and  the  experiment  was  repeated,  the  results  being  shown  in  Table  25.  Comparing 
them  with  Table  24,  we  see  that  the  effect  has  been  to  reduce  the  inductions  for  low 
forces,  as  was  the  case  with  mild  steel,  and  to  render  the  kicks  practically  equal, 
whether  they  arise  from  the  current  first  applied  or  subsequently  applied. 

The  ring  w^as  not  now  demagnetised  ;  the  last  current,  giving  a  magnetising  force 
35 ‘36,  was  removed,  but  not  reversed,  and  a  series  of  experiments  made,  the  first 
reversal  in  each  case  being  from  the  direction  of  the  current  of  35*36  last  applied. 
The  results  are  given  in  Table  26. 
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Tables  24-26. 


Maatnet- 

isiiig 

force. 


0-065 

0-13 

0-26 

0-52 

1- 04 

2- 08 

3-74 


6-66 


10-61 


15-18 


20-28 


35-88 


Galvano¬ 

meter 

kick. 


27- 0 

28- 0 
57-5 

57-5 
116-0 
117-5 
234-0 
236-0 
06-5 
55-5 
123-5 
117-5 
116-0 
116-5 
302-0 
276-0 
270-0 
262-0 
261-5 
261-5 
258-5 
257-0 
93-5 
89  5 
87-0 
85-0 
85-5 
83-5 
250-5 
247-0 
234-5 
226-0 

225- 0 
230-0 
168-0 
171-0 
173-0 
169-0 
190-0 
197-0 
194-0 
193-0 

226- 0 
228-0 
227-0 
227-0 


SXtn.  and  XXIV. 

Resistance 

Indue- 

in 

tion  per 

circuit. 

sq.  cm. 

1-164 

9 

18 

37 

75 

11-164 

172 

379 

361 

356 

927 

847 

829 

5? 

804 

0 

GO 

?? 

792 

101-16 

2,543 

5? 

2,391 

2,349 

6,922 

?? 

6,394 

59 

6,338 

201-16 

9,346 

5  5 

9,456 

}■■ 

10,728 

12,553 

Table  25,  Curve  XXV. 


Magnet¬ 

ising 

force. 


0-065 

0-13 

0-26 

0-52 

1- 04 

2- 08 
3-74 
6-66 

10-82 

15-18 

21-0 

35-36 


Galvano-  Resistance  Induc¬ 
tion  per 
sq.  cm. 


meter  j  in 
kick.  circuit. 


)5-0'l 

53-5/ 


26-5 
26-0 
55-0 
53 
106-0  1 
106-0  / 
213-01 
213-0/ 
51-51 
51-5  / 
108-01 
105-0  / 
241-0' 
240-0 
80-01 
78  0/ 
223-0 1 
226-0  / 

163- 0 

164- 0 
193-0  1 
197-0  / 
226-0  1 
226-0  / 


1-164 


11-164 


101-164 


•201-164 


8 

17 

34 

68 

158 

328 

740 

2,196 

6,227 

9,069 

10,783 

12,498 


Table  26, 


Magnet-  Galvano- 
ising  I  meter 
force.  I  kick. 

_ I  _ 


0-065 

0-26 

3-95 


11-44 


16-43 


25-0 

15-0 

111-5 

57-0 

59-5 

57-5 

311-5 

140-5 

144- 0 

145- 0 
136-0 
132-0 
135-0 
134-0 
290-0 
257-0 
254-0 

251- 0 

252- 0 
250-0 
175-0 
173-0 
172-0 
172-0 


Resistance 

in 

circuit. 


1-164 


11-164 


101-16 


201-16 


Induc¬ 
tion  per 
sq.  cm. 


36 

18 

19 

18 

956 

431 

445 

411 

414 

8,062 

7,145 

7,033 

6,950 

9,622 

9,512 


Hie  ring  was  now  thoroiiglily  demagnetised  and  heated  till  it  became  non-mag-netic. 
It  was  then  cooled  slowly,  and  the  following-  observations  were  made  : — 
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Tables  27-33. 


Table  27. 

Table  28,  Curve  XXVIII. 

Table  29,  Curve  XXIX. 

Table  30,  Curve  XXX. 

Resistance 

af] 

beginning 

of  ^2-805 

2-795 

2-77 

2-74 

experiment  J 

Temperature  af) 

beginning 

of  >687°  C. 

682°  C. 

674°  C. 

664°  C. 

experiment  J 

Resistance 

at  1 

end  of  ex-  >2-795 

2-77 

2-74 

2-72 

periment 

Temperature  at  | 

end  of  ex-  >682°  C. 

674°  0. 

664°  C. 

657 

°  C. 

periment 

Magnetising 

Induction 

Magneti.sing 

Induction 

Magnetising 

Induction 

Magnetising 

Induction 

force. 

per  sq.  cm. 

force. 

per  sq.  cm. 

force. 

per  sq.  cm. 

force. 

per  sq.  cm. 

0-065 

9 

0-065 

24 

0-065 

45 

0-065 

43 

0-13 

21 

0-13 

53 

0-26 

197 

0-26 

184 

0-26 

61 

0-26 

123 

1-04 

873 

1-04 

,  , 

0-52 

291 

3-22 

3578 

1087 

1-04 

821 

8-32 

4629 

3-32 

3621 

2-08 

1595 

18-2 

5396 

8-32 

4771 

3-33 

2215 

18-51 

5652 

5-51 

2868 

8-.32 

3301 

Table  31,  CuiTe  XXXI. 


Resistance  at 

beginning  of  '>2'72 
experiment 
Temperature  at 'I 

beginning  of  >657°  C. 
experiment 
Resistance  at'] 
end  of  ex-  >2‘73 
periment  J 
Temperature  at 

end  of  ex-  661°  C. 
periment 


Magnetising 

force. 


0-065 

0-26 

1-04 

3-22 

8-32 

19-8 


Induction 
per  sq.  cm. 


42 

171 

1010 

3706 

4885 

5708 


Table  32,  Curve  XXXII. 

2-43 

,561 

°C. 

2 -.35 

534°  C. 

Magnetising 

1 

Induction  I 

force. 

per  sq.  cm. 

1 

0-065 

27  ‘ 

0-26 

112 

1-04 

589 

o  Z- 

3396 

8-53 

5377 

21-2 

6707  , 

Table  33,  Curve  XXXIII. 


2-35 

5-34°  0. 
2-28 

511°  C. 


Magnetising 

force. 


0-065 

0-26 

1- 04 

2- 08 
3  43 
8-53 

21-53 


Induction 
per  sq.  cm. 


24 

103 

516 

1406 

3243 

5414 

6768 
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When  cold,  the  resistance  of  the  secondary  coil  and  leads  was  0'768  ;  in  calculating 
the  temperatures,  it  is  assumed  that  the  cold  resistance  is  0'7G8.  It  is  obvious  that 
there  is  here  considerable  uncertainty  concerning  the  actual  temperatures,  owing  to 
the  chanofes  in  the  condition  of  the  wire  due  to  its  oxidation. 

The  following  series  was  next  made,  the  mean  results  being  given  in 


Table  34,  Curve  XXVI. 


Magnetising  force. 

Galvaiiometer  kick. 

Resi.stance  in  circuit. 

Induction  per  sq.  cm. 

0-065 

29 

1-198 

10 

0-13 

58 

1-198 

19 

0-26 

120 

1-198 

40 

0-52 

251 

1-198 

83 

1-04 

66 

11-198 

203 

3-74 

170 

21-198 

991 

6-03 

159 

101-2 

4,420 

9-78 

283 

7,867 

13-94 

176 

201-2 

9,733 

15-81 

187 

10,341 

22-67 

211 

11,668 

The  ring  wns  now  demagnetised,  and  another  series  of  determinations  was  made, 
the  mean  results  being  given  in 

Table  35,  Curve  XXVIl. 


Magnetising 

force. 

Galvanometer 

kick. 

Resistance  in 
circuit. 

Induction  per 
sq.  cm. 

0  065 

26 

1-198 

9 

0-13 

54 

18 

0-26 

111 

37 

0-52 

236 

78 

1-04 

60 

11-198 

185 

2-08 

132 

407 

3-74 

327 

1,007 

6-24 

130 

101-2 

.3,614 

9-78 

265 

7,367 

13-10 

168 

20L-2 

9,290 

15-7 

187 

10,341 

22-67 

211 

11,668 

Comparing  Curves  XXV.  and  XXVIl.,  we  see  the  effect  of  annealing  the  iron  to  be 
to  increase  its  permeability.  Comparing  Curves  XXVI.  and  XXVIl.  we  see  the  effect 
of  demagnetising  by  reversed  currents.  Curve  XXXIV.  shows  the  relation  of  perme¬ 
ability  to  temperature  for  a  force  of  1‘5. 

Mmigancse  Steel. — The  sample  of  this  steel  was  given  to  me  by  Mr.  Hadfield, 
who  also  supplied  me  with  the  following  twm  analyses  of  the  sample  ; — 
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Per  cent.  Per  cent. 


0 

•74 

•73 

Si 

•50 

•55 

s 

•05 

•06 

p 

•08 

•09 

Mn 

11-15 

12-00 

It  is  well  known  that  this  steel  at  ordinary  temperatures,  and  for  both  great  and 
small  magnetising  forces,  is  but  very  slightly  magnetic.  The  object  of  these  experi¬ 
ments  was  to  ascertain  whether  it  became  magnetic  at  any  higher  temperature. 

The  dimensions  of  the  ring  were  as  shown  in  the  accompanying  section  ; — 


Thus  the  mean  area  of  section  is  1'7  sq.  cm.,  and  the  mean  length  of  lines  of 
magnetic  force  12 '3  cms.  The  ring  was  wound  with  52  convolutions  for  the  secondary 
and  76  convolutions  for  the  primary.  It  was  not  possible  to  accurately  estimate  the 
mean  area  of  the  secondary ;  it  is,  however,  assumed  to  exceed  the  mean  area  of  the 
steel  by  as  much  as  the  secondary  of  the  sample  of  wrought  iron  is  estimated  to 
exceed  the  area  of  that  sample ;  this  gives  an  area  of  2 '3 8  sq.  cms. 

A  preliminary  experiment  at  the  ordinary  temperature  gave  induction  67 ’7  ; 
magnetising  force  26 '9. 

The  induction  in  the  airspace  between  the  wire  and  steel  will  be  26'9  X  0'68  =  18’3; 
deducting  this  from  67 '7,  we  obtain  the  induction  in  the  steel  equal  to  49 ’4,  or  29 '0 
per  sq.  cm.;  dividing  this  by  26’9,  we  obtain  1'08  as  the  permeability  from  this 
experiment. 

After  the  ring  had  been  heated  to  a  high  temperature,  about  800°  C.,  and  had  been 
allowed  to  cool,  a  second  experiment  gave  total  induction  76,  magnetising  force  22’8, 
permeability  1'5. 

The  ring  was  again  heated  and  allowed  to  cool,  observations  being  made  both 
during  rise  and  fall  of  temperature,  with  the  following  results  : — 
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Table  36. 


Re.sistance  of 
secondary  and  leads. 

Temperature. 

Total  induction. 

Permeability. 

0-77 

°C. 

9'0  (room) 

67-7 

1-08 

2-20 

476-0 

93-1 

1-95 

3-00 

757-0 

101-7 

2-19 

3-23 

816-0 

71-7 

1-45 

3-30 

841-0 

72-0 

1-42 

3T4 

787-0 

72-0 

1-.38 

2-80 

674-0 

92-3 

1-99 

0-79 

8-8  (room) 

94-5 

1-99 

As  the  changes  in  the  temperature  were  in  this  case  made  somewhat  rapidly,  the 
temperature  of  the  ring  lags  behind  the  temperature  of  the  cojDper. 

These  show :  first,  that  at  no  temperature  does  this  steel  become  at  all  strongl}^ 
magnetic;  second,  that  at  a  temperature  of  a  little  over  750°  C.  there  is  a  substantial 
reduction  of  permeability  ;  third,  that  above  this  temperature  the  substance  remains 
slightly  magnetic  ;  fourth,  that  annealing  somewhat  increases  the  permeability  of  the 
material. 

Resistance  of  Iron  at  High  Temperatures. 

These  exjDeriments  were  made  in  a  perfectly  simple  way.  Coils  of  very  soft  iron 
wire,  pianoforte  wire,  manganese  steel  wire,  and  copper  wire  were  insulated  with 
asbestos,  were  bound  together  with  copper  wire  so  placed  as  to  tend  by  its  .conduc¬ 
tivity  for  heat  to  bring  them  to  the  same  temperature,  and  were  placed  in  an  iron 
cylindrical  box  for  heating  in  a  furnace.  They  were  heated  with  a  slowly  rising 
temj^erature,  and  the  resistance  of  the  wires  was  successively  observed,  and  the 
time  of  each  observation  noted.  By  interpolation  the  resistance  of  any  sample  at  any 
time  intermediate  between  the  actual  observations  could  be  very  app7’Oximately 
determined.  The  points  shown  in  Curves  XXXV.,  XXXVI.,  XXXVIL,  were  thus 
determined.  In  these  curves  the  abscissse  represent  the  temperatures,  and  the 
ordinates  the  resistance  of  a  wire  having  unit  resistance  at  0°  C.  Curve  XXXVII. 
is  manganese  steel,  whiiih  exhibits  a  fairly  constant  temperature  coefficient  of 
O'OOllO;  Dr.  Fleming  gives  0'0012  as  the  temperature  coefficient  of  this  material. 
Curve  XXXV.  is  soft  iron ;  at  0°  C.  the  coefficient  is  0'0056  ;  tire  coefficient  gradually 
increases  with  rise  of  temperature  to  0'019,  a  little  below  855°  C. ;  at  855°  C.  the 
coefficient  suddenly,  or  at  all  events  very  rapidly,  changes  to  0'007.  Curve  XXXVI. 
is  jiianoforte  wire ;  at  0°  C.  the  coefficient  is  0’0035  ;  the  coefficient  increases  with 
rise  of  temperature  to  0'016,  a  little  below  812°  C.;  at  812°  C.  the  coefficient 
suddenly  changes  to  0‘005.  The  actual  values  of  the  coefficients  above  the  points  of 
change  must  be  regarded  as  somewhat  uncertain,  because  the  range  of  temperature 
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is  small,  and  because  the  accuracy  of  the  results  may  be  affected  by  the  possible 
oxidation  of  the  copper.  The  temperatures  of  change  of  coefficient,  855°  C.  and 
812°  C.,  are  higher  than  any  critical  temperature  I  had  observed.  It  was  necessary 
to  determine  the  critical  temperatures  for  magnetisation  for  the  particular  samples. 
A  ring  was  formed  of  the  respective  wires,  and  was  wound  with  a  primary  and 
secondary  coil,  and  the  critical  temperature  was  determined  as  in  the  preceding 
magnetic  experiments  ;  it  was  found  to  be  for  the  soft  iron  880°  C.,  for  the  hard 
pianoforte  wire  838°  C.  These  temperatures  agree  with  the  temperatures  of  sudden 
change  of  resistance  coefficient  within  the  limits  of  errors  of  observation.'" 

Some  interesting  observations  were  made  on  the  permanent  change  in  the  resistance 
at  ordinary  temperatures  caused  in  the  wires  by  heating  to  a  high  temperature.  In 
the  following  table  are  given  the  actual  resistances  of  wires  at  the  temperature  of  the 
room  : — 


Before 

heating. 

After  first 
heating. 

Second 

heating. 

Third 

heating. 

Soft  iron . '. 

0-629 

0-624 

0-72 

0-735 

Pianoforte  wire  .... 

0-851 

0-794 

0-79 

0-74 

Manganese  steel  .  .  . 

1-744 

1-656 

1-61 

1-61 

In  a  second  experiment  the  resistances  before  heating  were  :  soft  iron  0’614, 
pianoforte  wire  0'826  ;  after  heating,  soft  wire  0‘643,  pianoforte  wire  072. 

The  effects  are  opposite  in  the  cases  of  soft  iron  and  pianoforte  wire. 

Recalescence  of  Iron. 

Professor  Barrett  has  observed  that,  if  an  iron  wire  be  heated  to  a  bright  redness 
and  then  allowed  to  cool,  this  cooling  does  not  go  on  continuously,  but  after  the  wire 
has  sunk  to  a  very  dull  red  it  suddenly  becomes  brighter  and  then  continues  to  cool 
down.  He  surmised  that  the  temperature  at  which  this  occurs  is  the  temperature  at 
which  the  iron  ceases  to  be  magnetisable.  In  repeating  Professor  Barrett’s  experi¬ 
ments,  I  found  no  difficulty  in  obtaining  the  phenomenon  with  hard  steel  wire,  but 
I  failed  to  observe  it  in  the  case  of  soft  iron  wire,  or  in  the  case  of  manganese  steel 
wire.  Although  other  explanations  of  the  phenomenon  have  been  offered,  there  can 
never,  I  think,  have  been  much  doubt  that  it  was  due  to  the  liberation  of  heat  owino- 

*  \_Note  added  July  2,  1889. — Sir  Joseph  Whitworth  and  Co.  have  kindly  analysed  these  two  wires 
for  me,  with  the  following  results  ; — 

C  Mn  S  Si  P 

Soft  iron  wire  ....  ‘006  '289  ’015  ’034  T41  per  cent. 

Pianoforte  wire  .  .  .  724  '167  '010  T32  '030  ,,  ] 
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to  some  change  in  the  materia],  and  not  due  to  any  change  in  the  conductivity  or 
emissive  power.  This  has  indeed  been  satisfactorily  proved  by  Mr,  Newall.*  My 
method  of  experiment  was  exceedingly  simple.  I  took  a  cylinder  of  hard  steel 
6'3  cms.  long  and  5T  cms.  in  diameter,  cut  a  groove  in  it,  and  wrapped  in  the  groove 
a  copper  wire  insulated  with  asbestos. 


The  cylinder  was  wrapped  in  a  large  number  of  coverings  of  asbestos  paper  to 
retard  its  cooling ;  the  whole  was  then  heated  to  a  bright  redness  in  a  gas  furnace ; 
was  taken  from  the  furnace  and  allowed  to  cool  in  the  open  air,  the  resistance  of 
the  copper  wire  being,  from  time  to  time,  observed.  The  result  is  plotted  in  Curve 
XXXVIII.,  in  which  the  ordinates  are  the  logarithms  of  the  increments  of  resistance 
above  the  lesistance  at  the  temperature  of  the  room,  and  the  abscissae  are  the  times. 
If  the  specific  heat  of  the  material  were  constant,  and  the  rate  of  loss  of  heat  were 
proportional  to  the  excess  of  temj)erature,  the  curve  would  be  a  straight  line.  It 
will  be  observed  that  below  a  certain  point  this  is  very  nearly  the  case,  but 
that  there  is  a  remarkable  wave  in  the  curve.  The  temperature  was  observed  to  be 
falling  rapidly,  then  to  be  suddenly  retarded,  next  to  increase,  then  again  to  fall.  The 
temperature  reached  in  the  first  descent  was  680°  C.  The  temperature  to  which  the 
iron  subsequently  ascends  is  712°  C.  The  temperature  at  which  another  sample  of 
hard  steel  ceased  to  be  magnetic,  determined  in  the  same  way  by  the  resistance  of  a 
copper  coil,  was  found  to  be  690°  C.  This  shows  that,  within  the  limits  of  errors  of 
observation,  the  temperature  of  recalescence  is  that  at  which  the  material  ceases  to  be 
magnetic.  This  curve  gives  the  material  for  determining  the  quantity  of  heat  liberated. 
The  dotted  lines  in  the  curve  show  the  continuation  of  the  first  and  second  parts  of  the 
cuiwe;  the  horizontal  distance  between  these  approximately  represents  the  time  during 
which  the  material  was  giving  out  heat  without  fall  of  temperature.  After  the  bend 
in  the  curve,  the  temperature  is  falling  at  the  rate  of  0’21°  C.  per  second.  The 


*  ‘  Phil.  Mag.,’  June,  1888. 
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distance  between  the  two  straight  parts  of  the  curve  is  810  seconds.  It  follows  that 
the  heat  liberated  in  recalescence  of  this  sample  is  173  times  the  heat  liberated  when 
the  iron  falls  in  temperature  1°  C.  With  the  same  sample,  I  have  also  observed 
an  ascending  curve  of  temperature.  There  is,  in  this  case,  no  reduction  of  temperature 
at  tlie  point  of  recalescence,  but  there  is  a  very  substantial  reduction  in  the  rate  at 
which  the  temperature  rises.'" 

A  similar  experiment  was  made  with  a  sample  of  wrought  iron  substantially 
the  same  as  the  wrought  iron  ring  first  experimented  upon.  The  result  is  shown  in 
Curve  XXXIX.  It  will  be  seen  that  there  is  a  great  pause  in  the  descent  of  this 
curve  at  a  temperatui-e  of  820°  C.,  but  that  the  curve  does  not  sensibly  rise.  This 
shows  why  soft  iron  apparently  does  not  recalesce.  Determining  the  heat  liberated  in 
the  same  way  as  befoi  e,  we  find  the  temperature  falling  after  the  bend  in  the  curve  at 
the  rate  of  0°'217  C.  per  second.  The  distance  between  the  two  straight  parts  is  960 
seconds.  Hence,  heat  liberated  in  recalescence  is  208  times  the  heat  liberated  when 
the  iron  falls  1°  C.  in  temperature.  The  temperature  at  which  a  sample  ordered  a.t  the 
same  time  and  place  ceased  to  be  magnetic  was  780°  C.  Comparing  this  result  with 
that  for  hard  steel,  we  see  that  the  quantity  of  heat  liberated  is  substantially  the  saiue, 
but  that  in  the  case  of  the  soft  iron  there  is  no  material  rise  of  temperature.t 


[*  Note  added  2nd  July,  1889. — Some  remarks  of  Mr.  Tomlinson’s  suggested  that  it  might  be 
possible  that  there  would  be  no  recalescence  if  the  iron  were  heated  but  little  above  the  critical  point. 
To  test  this,  I  repeated  the  experiment,  beating  the  sample  to  765°  C.,  very  little  above  the  critical 
jioint.  Curve  XXXVIIIa.  shows  the  result.  From  this  it  will  be  seen  that  the  phenomenon  is  sub¬ 
stantially  the  same  whether  the  sample  is  heated  to  988°  C.  or  to  765°  C.] 

[t  Note  added  2nd  July,  1889. — In  order  to  complete  the  proof  of  the  connexion  of  recalescence  and 
the  disappearance  of  magnetism,  a  block  of  manganese  steel  was  tried  in  exactly  the  same  way  as  the 
blocks  of  hard  steel  and  of  iron.  The  result  is  shown  in  Curve  XL.,  from  which  it  will  he  seen  there  is 
no  more  bend  in  the  curve  than  would  he  accounted  for  by  the  presence  of  a  small  quantity  of  magnetic 
iron,  such  a  quantity  as  one  would  expect  from  the  magnetic  results,  supposing  the  true  alloy  of  man¬ 
ganese  and  iron  to  be  absolutely  non-magnetic.] 
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XV.  The  Diurnal  Variation  of  Terrestrial  Magnetism. 

By  Arthur  Schuster,  F.R.S.,  Professor  of  Physics  in  Oivens  College.  With  an 
Appendix  hy  H.  Lamb,  F.R.S.,  Professor  of  Mathematics  in  Owens  College. 

Received  Marcli  20, — Read  March.  28,  1889. 

I.  Introduction. 

In  the  year  1839  Gauss  published  his  celebrated  Memoir  on  Terrestrial  Magnetism, 
in  which  the  potential  on  the  Earth’s  surface  was  calculated  to  26  terms  of  a  series  of 
surface  harmonics.  It  was  proved  in  this  Memoir  th.at,  if  the  horizontal  components 
of  magnetic  force  were  known  all  over  the  Earth,  the  surface  potential  could  be  derived 
without  the  help  of  the  vertical  forces,  and  it  is  well  known  now  how  these  latter  can 
be  used  to  separate  the  terms  of  the  potential  which  depend  on  internal  from  those 
which  depend  on  external  sources.  Nevertheless  Gauss  made  use  of  the  vertical 
forces  in  his  calculations  of  the  surface  potential  in  order  to  ensure  a  greater  degree 
of  accuracy.  He  assumed  for  this  purpose  that  magnetic  matter  was  distributed 
through  the  interior  of  the  Earth,  and  mentions  the  fair  agreement  between  calculated 
and  observed  facts  as  a  justification  of  his  assumption.  In  the  latter  part  of  the 
Memoir  it  was  suggested  that  the  same  method  should  be  employed  in  the  investiga¬ 
tion  of  the  regular  and  secular  variations. 

The  use  of  harmonic  analysis  to  separate  internal  from  external  causes  has  never 
been  put  to  a  practical  test,  but  it  seems  to  me  to  be  especially  well  adapted  to 
enquiries  on  the  causes  of  the  periodic  oscillations  of  the  magnetic  needle. 

If  the  magnetic  effects  can  be  fairly  represented  by  a  single  term  in  the  series  of 
harmonics  as  far  as  the  horizontal  forces  are  concerned,  there  should  be  no  doubt  as  to 
the  location  of  the  disturbing  cause,  for  the  vertical  force  should  be  in  the  opposite 
direction  if  the  origin  is  outside  from  what  it  should  be  if  the  origin  is  inside  the 
Earth.  As  the  expression  for  the  potential  contains  in  one  case  the  distance  from  the 
Earth’s  centre  in  the  numerator,  in  the  other  case  in  the  denominator,  and  as  the  vertical 
force  depends  on  the  differential  coefficient  with  regard  to  distance  from  the  Earth’s 
centre,  each  single  term  in  the  series  is  of  opposite  sign  according  to  the  location  of  the 
cause  ;  but  what  is  true  for  each  single  term  need  not  be  true  for  the  sum  of  the  series. 
By  a  curious  combination  of  terms  the  vertical  forces  might  possibly  be  of  the  same 
sign,  on  whichever  of  the  two  hypotheses  it  is  calculated.  In  any  case,  however,  the 
differences  between  the  two  results  will  be  of  the  same  order  of  magnitude  as  the 
vertical  force  itself.  If  it  is  then  a  question  simply  of  deciding  whether  the  cause  is 
outside  or  inside,  without  taking  into  account  a  possible  combination  of  both  causes, 
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the  result  should  not  be  doubtful,  even  if  we  have  only  an  approximate  knowledge  of 
the  vertical  forces. 

Two  years  ago  I  showed  that  the  leading  features  of  the  horizontal  components  for 
diurnal  variation  could  be  approximately  represented  by  the  surface  harmonic  of  the 
second  degree  and  first  type,  and  that  the  vertical  variation  agreed  in  direction  and 
jihase  with  the  calculation  on  the  assumption  that  the  seat  of  the  force  is  outside  the 
Earth.  The  agreement  seemed  to  me  to  be  sufficiently  good  to  justify  the  conclusion 
that  the  greater  part  of  the  variation  is  due  to  causes  outside  the  Earth’s  surface. 
Nevertheless,  it  seemed  advdsable  to  enter  more  fully  into  the  matter,  as  in  the  first 
approximate  treatment  of  the  subject  a  number  of  important  questions  had  to  be  left 
untouched.  I  now  publish  the  results  of  an  investigation  which  has  been  carried  as 
far  as  the  observations  at  my  disposal  have  allowed  me  to  do.  My  original  conclusions 
have  been  fully  confirmed,  and  some  further  information  has  been  obtained  which  I 
believe  to  be  of  importance.  The  results  of  the  calculation  point  not  only  to  an 
external  source,  but  to  an  additional  internal  source,  standing  in  fixed  relationship  to 
the  external  cause.  This  we  might  have  expected.  A  varying  potential  due  to 
external  causes  must  be  accompanied  by  currents  induced  in  the  Earth’s  body,  which, 
in  turn,  must  affect  the  magnetic  needle.  The  phase  of  these  cun-ents  and  their 
magnitude  lead  us  to  form  definite  conclusions  on  the  average  conducting  power  of 
the  Earth,  and  it  will  be  seen  that  there  is  strong  evidence  that  the  average  con¬ 
ductivity  is  very  small  near  the  surface,  but  must  be  greater  further  down.  Tn  this 
part  of  the  investigation  I  had  much  assistance  from  my  colleague.  Professor  Lamb. 

I  hope  that  the  results  obtained  in  this  paper  may  induce  the  heads  of  magnetic 
observatories  to  consider  the  suggestions  which  T  have  made  at  the  end  of  it,  as  their 
adoption  would  very  materially  assist  further  investigations. 

I  had,  in  the  first  place,  to  fix  on  a  year  for  which  we  possess  as  complete  magnetic 
records  as  possible.  The  phase  of  the  variation  of  horizontal  force  changes  sign  in  a 
latitude  not  far  removed  from  that  of  Lisbon,  and  it  seemed  to  me,  therefore,  essential 
that  the  excellent  observations  there  made  by  Sen.  Jos.  Capello  should  be  made  use 
of  The  observations  are  published  as  far  as  1872,  and  I  had  to  take  a  year  therefore 
anterior  to  this.  It  seemed  also  desirable  to  make  use  of  the  St.  Petersburg  observa¬ 
tions,  as  it  is  the  most  northerly  station  for  which  we  have  records  extending  over  a 
period  of  years,  and  as  Mr.  PI.  Wild’s  well-known  skill  gives  special  value  to  the 
observations  made  under  his  direction.  The  obseravtions  (continued  since  1878  in 
Paulowsk)  were  interrupted  in  1871  and  1872,  and  we  have  to  go  back,  therefore,  as 
far  as  1870  if  we  want  to  utilise  the  St.  Petersburg  and  Lisbon  observations  simul- 

o 

taneously.  As  far  as  the  horizontal  components  are  concerned,  we  also  possess  good 
records  of  1 870  at  Greenwich  and  Bombay.  Four  stations  are  sufficient  to  find  to 
the  necessary  accuracy  the  potential  on  the  surface  of  the  Earth,  but  it  would  be  of 
advantage  if  in  future  similar  investigations  a  greater  numbei'  of  stations  could  be 
utilised. 
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The  observations  are  publislied  in  very  different  form  by  the  various  observatories. 
Tlie  units  of  force  at  Bombay  and  St.  Petersburg  are  the  Gaussian  unit  millimeter- 
milligram-second.  At  Lisbon  it  is  the  foot-grain-second.  At  Greenwich  the  variations 
are  given  in  terms  of  the  whole  vertical  and  horizontal  force.  At  Bombay,  moreover, 
the  observations  are  given  not  for  a  certain  hour,  but  for  a  time  which  varies  with 
different  instruments  between  12  and  19  minutes  past  each  hour.  For  this  there  was 
some  reason  originally,  but  at  present  it  would  be  far  better  if  Bombay  would  adopt 
the  practice  of  other  observatories.  The  daily  variations  had,  in  the  first  place,  to  be  all 
reduced  to  C.G.S.  units,  and,  further,  instead  of  variations  in  declination  and  horizontal 
force,  we  had  to  find  the  components  of  the  periodic  force  towards  the  geographical 
North  and  West.  I  am  much  indebted  to  Mr.  Wm.  Ellis,  of  the  Greenwich  Observatory, 
for  the  help  he  has  given  me  in  the  reduction  of  the  observations  to  a  form  which  I 
could  use  in  my  calculations.  A  good  many  of  the  computations  were  done  under  his 
direct  superintendence,  and  much  time  and  trouble  was  saved  me  in  consequence. 

The  daily  variation  of  declination  and  horizontal  force  was  expressed  in  the  form 

cq  cos  t  sin  cq  cos  -Vh  sin  2^  ff-  cos  3^  ~|—  sin  3^  —b  rq  cos  4i  cos  4q 

where  t  represents  astronomical  time.  The  summer  months,  April  to  September,  were 
treated  separately  from  the  winter  months,  October  to  March.  The  unit  of  force,  for 
convenience’s  sake,  was  taken  as  10"*’  C.G.S. 

Tables  I.  and  II.  give  the  coefficients  which  were  calculated  according  to  a  well- 
known  method  from  the  original  observations. 

Tables  III.  and  IV.  give  the  same  coefficients  reduced  to  forces  directed  to  the 
geographical  North  and  West,  instead  of  to  the  magnetic  North  and  West. 

Before  showing  how,  with  the  help  of  these  coefficients,  the  surface  potential  can  be 
calculated,  I  must  deduce  a  few  formulae  which  will  be  used  hereafter. 

Table  I. — Force  to  Magnetic  West. 

Coefficients  in  the  expansion 

cos  t  h-^  sin  t  cos  '2t  -f-  sin  2t  +  ttg  COS  3^  +  &3  sin  3^  -f  cos  it  sin  it. 

The  unit  of  force  is  1  C.G.S.  X  10"*’;  t  being  astronomical  tune. 


Bombay. 

Lisbon. 

Greenwich. 

St.  Petersburg. 

Summer. 

Winter. 

Summer. 

W  inter. 

Summer. 

Winter. 

Summer. 

Winter. 

ai 

+ 

64-3 

I-  6-3 

+  125-5 

+  121-5 

+  168-0 

+  154-5 

+  109-0 

+  95-7 

L 

I" 

116-5 

+  33-2 

+  213-7 

+  132-6 

+  192-3 

-t-  113-5 

4-  219-4 

+  96-7 

dcf 

+ 

134-3 

+  6-5 

+  126-1 

+  53-6 

+  129-1 

+ 

32-7 

+  104-2 

-  12-8 

h 

+ 

59-5 

+  23-2 

+  152-2 

+  111-1 

+  114-6 

+ 

84-0 

4-  113-2 

4-  69-6 

% 

+  103-5 

+  40-4 

+  75-1 

+  51-0 

+  65-8 

+ 

38-4 

+  37-9 

+  21-8 

^3 

4- 

7-1 

+  7-6 

+  56-2 

+  51-0 

+  42-5 

+ 

30-6 

4-  59-2 

4-  28-9 

-t 

15-5 

+  33-1 

+  13-1 

+  30-7 

+  9-3 

+ 

21-3 

4-  2-8 

4"  6-2 

G 

+ 

18-7 

-  9-6 

-  5-9 

+  20-3 

+  2-6 

+ 

17-6 

+  10-9 

+  13-7 

. 
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Table  II. — Force  to  Magnetic  North. 


Coefficients  in  the  expansion 

riy  cos  ^  sin  ^  +  tto  cos  2t  +  h  sin  ‘It  +  %  cos  3^  -f-  63  sin  M  +  a^cos  it  +  h^sin  it. 
The  unit  of  force  is  1  C.G.S.  X  10“®;  t  being  astronomical  time. 


Bombay. 

Lisbon. 

Greenwich. 

St.  Petersburg. 

Summer. 

Winter. 

Summer. 

W 

nter. 

Summer. 

W 

liter. 

Summer. 

w 

nter. 

4- 

386-9 

+ 

332-5 

124-2 

78-6 

213-7 

117-4 

257-9 

in-8 

h 

+ 

5-7 

+ 

38-2 

+ 

71-5 

— 

15-0 

+ 

154-0 

+ 

22-8 

+ 

150-2 

— 

5-8 

«2 

+ 

J.52'7 

+ 

125-0 

— 

28-3 

— 

54-8 

— 

112-6 

— 

87-5 

— 

149-1 

— 

69-0 

h 

— 

11-8 

+ 

7-3 

+ 

43-0 

— 

0-9 

+ 

78-9 

+ 

24-6 

+ 

45-7 

— 

12-8 

+ 

41-1 

+ 

.39-6 

+ 

23-1 

— 

2-3 

— 

2-3 

— 

16-4 

— 

15-8 

— 

18-4 

h 

— 

41-8 

— 

31-4 

+ 

19-0 

+ 

19-0 

+ 

27-1 

+ 

27-1 

+ 

39-7 

22-9 

— 

4-3 

+ 

15-3 

+ 

12-2 

+ 

6-9 

+ 

12-1 

+ 

2-0 

— 

9-0 

— 

3-8 

h 

— 

13-7 

— 

21-1 

— 

12-3 

+ 

18-8 

+ 

8-4 

+ 

16-6 

+ 

3-3 

+ 

6-4 

Table  III. — Force  to  Geographical  West. 

Coefficients  in  the  expansion 

cos  t  sin  t  +  %  cos  2t  +  63sin2i  +  a3  cos  3t  +  63  sin  3t  +  cos  it  sin  it. 
The  unit  of  force  is  1  C.G.S.  X  10“® ;  f  being  astronomical  time. 


Bombay. 

Lisbon. 

Greenwich. 

St.  Petersburg. 

Summer. 

Winter. 

Summer. 

Winter. 

Summer. 

Winter. 

Summer. 

Winter. 

“1 

+ 

57-5 

+ 

0-4 

+ 

74-3 

+ 

86-5 

+ 

85-4 

105-4 

+ 

99-6 

+ 

91-6 

-f 

116-4 

+ 

32-5 

+ 

2-25-3 

+ 

119-1 

+ 

233-3 

+ 

114-6 

+ 

224-6 

+ 

96-4 

dc) 

+ 

131-6 

4-3 

+ 

108-3 

+ 

31-1 

+ 

83-1 

+ 

1-0 

+ 

98-7 

— 

15-3 

h 

+ 

59-7 

+ 

23-1 

+ 

157-7 

+ 

103-8 

+ 

134-6 

+ 

87-4 

+ 

114-8 

P 

69-1 

^3 

+ 

102-8 

+ 

39-7 

+ 

78-5 

+ 

47-0 

+ 

61-1 

+ 

30-5 

+ 

37-3 

P 

21-2 

h 

+ 

7-8 

+ 

8-1 

+ 

59-3 

+ 

54-4 

+ 

49-2 

+ 

380 

+ 

60-6 

P 

29-7 

+ 

15-6 

+ 

32-8 

+ 

16-6 

+ 

31-2 

+ 

12-9 

+ 

20-7 

■P 

2-5 

P 

6-1 

h, 

— 

18-5 

— 

9-2 

— 

9-8 

+ 

25-6 

+ 

5-3 

+ 

22-2 

+ 

11-0 

P 

13-9 
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Table  IV. — Force  to  Geographical  North. 

Coefficients  in  the  expansion 

Oj  cos  t  +  hi  sin  t  -j-  cos  -j-  63  sin  ‘It  +  V3  cos  'M  sin  2>t  +  «4  cos  U  -j-  C,  sin  At. 
The  unit  of  force  is  1  C.G.S.  X  10“*^ ;  t  being  astronomical  time. 


Bombay. 

Lisbon. 

Greenwich. 

St.  Petersburg. 

Summer. 

nter. 

Su 

iimer. 

VV 

nter. 

Summer. 

Winter. 

Summer. 

Winter. 

a. 

+ 

388-0 

+ 

332-4 

_ 

160-2 

_ 

116-1 

_ 

258-1 

162-9 

261-6 

115-2 

+ 

7-8 

+ 

38-8 

— 

7-6 

— 

60-4 

79-5 

— 

17-2 

+ 

142  2 

— 

9-3 

a.j 

+ 

1551 

+ 

125-1 

— 

70-5 

— 

70-1 

— 

149-8 

— 

93-4 

— 

152-8 

— 

68-5 

h 

— 

10-8 

-t 

7-7 

— 

12-8 

— 

39-6 

-9 

35-2 

— 

5-5 

-P 

41-6 

— 

15-3 

+ 

429 

+ 

40-3 

— 

4-5 

— 

20-0 

— 

24-6 

— 

28-5 

— 

17-2 

— 

19-2 

63 

— 

41-7 

— 

31-3 

— 

1-8 

0-0 

+ 

11-0 

15-1 

+ 

37-6 

+ 

21-9 

“4 

— 

40 

-f- 

15-9 

+ 

6-8 

— 

4-2 

+ 

8-2 

— 

5-3 

— 

9-1 

— 

4-0 

h 

— 

140 

— 

21  -3 

— 

9-5 

+ 

10-5 

+ 

7-0 

i- 

9-6 

-4- 

2-9 

5-9 

II.  Some  FormulcB  useful  in  the  Analysis  hy  Spherical  Harmonics. 

In  the  expansion  of  mathematical  expressions  into  spherical  harmonics,  it  will  often 
occur  that  we  have  to  express  powers  of  the  cosine  of  an  angle,  or  a  cosine  of  some 
multiple  of  an  angle,  in  terms  of  the  differential  coefficients  of  zonal  harmonics  with 
respect  to  the  cosine  of  the  argument.  The  necessary  equations  for  the  powers  of 
cosines  can  be  easily  obtained  by  differentiation  of  the  well-known  formulae,  giving 
the  powers  of  a  cosine  in  terms  of  zonal  harmonics.  But  I  think  it  will  be  useful  here 
to  give  the  general  equations  which  I  have  had  to  use  in  expressing  cos  mu  in  terms 
of  FVildpJ’,  where  p  is  any  given  number,  p  =  cos  u  and  the  zonal  harmonic  of 
degree  i. 

We  may  start  from  the  expression 

cos  m7i  =  -|-  A,„_3P,«_3  +  .  .  .  A;Pi  -f . (l), 

where 

_  _  '  {m  -  (t  -  2)}(ffl.  -  {i  -  4)}  ■  .  ■  (m  -  .  .  ,  {?»■  -f-  (i  -  2)} 

jw  ~  (i  -h  —  {i  —  1)}  .  .  .  (w  —  1)  (m  +  1)  ...  {ni  +  (i  -f  1)} 

if  w?  and  i  be  even,  and 

_  _  ,  N  -  2)1  (w-  -  (^  -  4)}  .  .  .  {m  -  1)  (m  -f  1)  .  .  ■  [m  +  (t  -  2)} 

'  “  '  '  {m  -  f  +  l)}{m  -  (j  -  1)}  .  .  .  (w  -  2)  (7/1  +  2)  .  .  .  {///.  +  (t  -I  1)} 


if  m  and  i  be  odd. 
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Both  expressions  are  included  in  the  general  one 


A,  =  —  (2?‘  +  1)  m 


{m  —  {i  —  2)]  {m  —  {i  —  4)}  .  .  .  {m  +  {i  —  2)} 
{m  —  {i  +  l)}{m  —  (i  —  1)}  .  .  .  {m  +  (^  +  1)} 


where  successive  factors  of  both  numerator  and  denominator  increase  by  2/' 
If  in  formula  (1)  we  substitute  for  any  term  P, 


djjb  djjb 


(2^  +  1)  P/ 


(2), 


we  obtain  an  expression  for  cos  mB  in  terms  of  the  first  differential  coefficients  of  the 
zonal  harmonics  ;  and,  if  in  the  formula  so  obtained  we  successively  apply  the  trans¬ 
formation 


^P+i  _  dn\_^ 
dy.'P 


(2^  +  1) 


we  finally  obtain  the  required  expression  in  terms  of  any  required  differential 
coefficient. 

I  have  obtained  in  this  way  the  equation 


cos  mu 


( —  l)^'^  '  ^  g  g  -^m+p-Z^^'^m+p-Z  +  •  •  •  A/CT^P^  +  .  .  .  (3), 

wliere  cPVi  is  written  shortly  for  and 


A,-  =  {2^■  +  1)  m 


{m  —  {i  —  p  —  2)}{m  —  (i  —  p  —  4)}  .  .  .  {m  +  {i  —  p  —  2)} 
{m  —  (i  +  p  +  -  {i  +  p  —  1)}  ..  .  (m  +  (i  +  ^  +  1)} 


(•i). 


except  for  the  last  term  of  the  series,  which  will  be  given  presently  (5).  If  p  =  0, 
this  expression  agrees  with  the  one  previously  given,  and,  as  I  shall  proceed  to  show, 
if  it  is  true  for  any  value  p,  it  will  also  be  true  for  the  value  p  +  1.  Assume,  tlien, 
the  equation  (3)  to  liold. 

The  relation 

+  +  =  {2i  -f  1)  d^^P, 

shows  that  the  factor  multiplying  d^'^’P^  +  i  in  the  expression  for  cos  mO  will  depend 
only  on  Ai  and  on  A^;  in  (3).  If  +  is  this  factor,  we  have 

P _ Aj  A;  _^2 

V  +  ’)— 2^•  +  l  2i  +  rd 

*  In  tliG  very  useful  book  on  ‘  Spherical  Harmonics,’  by  Ferrers,  the  factor  m  does  not  occur  in  the 
general  expression  for  A;  (page  83)  ;  but,  from  the  deduction  of  the  formula,  it  is  clear  that  the  factor  vi 
must  be  taken  twice  when  it  occurs  in  the  numerator,  and  not  at  all  w’hen  it  occurs  in  the  denominator. 
In  using  the  equation  I  was  at  first  led  into  error  by  the  ambiguity,  and  hence  I  believe  the  expression 
given  above  to  be  clearer. 
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{m  —  —  p  —  2) }  {m  —  (t  —  p  —  4) }  ...  {m  +  (^  —  p  —  2) } 
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Bi+i  =  m 


[m  —  (i  +  p  +  1) }  {to  —  —  p  —  1) }  •  .  .  +  p  +  1) } 


1  — 


The  square  bracket  reduces  to 

_ ft  —  pf  —  (i  +  p  +  3)^ _ 

{m  —  (^■  +  p  +  3) }  {?«-  +  (^:  +  p  +  3) } 

so  that 

cos  md 


_  (_  ly  +  i  - 

''  ’  1 . 3 . 5  .  .  .  (2p  +  3) 

where 


=  A 


{m  —  {i  —  p)}  {m  +  {i  -  p)] 

{to  —  (7  4-  p  +  3)  }  [m  +  {i  +  j)  +  3)  }_ 

_ {2i  +  3)  (2p  +  3) _ 

[m  —  (i  +  p  +  3) }  {m  4-  4-  p  +  3;  }’ 

1  dP^^^rn+p+l  +  •  ■  •  .  .  .  , 


Ai+i  =  m  (2f  +  3) 


{to  —  (-i  —  79  —  2) }  {to  —  (^  —  79  —  4) }  ...  {to  4-  ("i  —  p  —  2)  I 
{to  —  (7:  4-  75  4-  3) }  {to  —  (i  4-  79  4-  1)1  ...  {to  4-  4-  p  4-  3) }’ 


which  agrees  with  (4)  if  73  +  1  is  written  for  p,  and  t  +  1  for  i. 

The  end  terms  require  special  consideration. 

As  only  the  even  or  only  the  odd  zonal  harmonics  enter  into  any  one  series,  the 
difference  between  m  +  p  and  ^  in  the  equation  (3)  must  be  even  ;  hence,  the 
numerators  in  the  fractional  expression  of  (4)  consist  always  of  even  numbers,  what¬ 
ever  values  m,  i,  or  7)  may  have. 

If  [m  +  V)  be  odd,  the  zonal  harmonics  will  all  be  odd,  and  the  last  term  of  the 
series  will  depend  on  +  i  if  73  be  even,  and  dPVp  if  p  be  odd,  for  the  differential 
coefficients  of  the  zonal  harmonics  of  lower  degree  will  vanish.  The  expression  (4)  in 
neither  case  gives  the  correct  factor,  and  we  must  substitute  for  it  in  both  cases 


(27  +  1) 


{m.  —  (t  4-  73  4-  1) }  [m  —  (i  4-  7?  —  1) }  .  .  .  {to  4-  4-  73  4-  1 )  } 


(5). 


If  in  (4)  i  is  put  equal  to  [p  +  2),  the  first  and  last  term  will  be  equal  to  m;  in  that 
case  the  m  is  only  taken  once. 

The  expression  (5)  is  easily  proved,  and  shown  to  hold  also  if  (m  +7?)  be  even. 

The  first  term  of  the  series  is  included  in  the  general  expression  (4). 

I  have  deduced  with  the  help  of  the  equation  (3)  the  following  relatiojis,  which  will 
be  used  in  this  paper  ; — 


1 

cos  u  —  -i- 

^  dp. 


cos  2?^  —  ^  _  -9- 

COSZM-  15  15 


(A), 


(B), 


3  1> 


MDCCCLXXXIX. - A . 
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cos  3?f  = 

cos  4?a  = 


8  ^^^4  3  ^^^2 

dfJi  clfj.  •  •  • 

6  4_  _  16  ^^^3  I _ 3_ 

r/^  (V 


COS  5u  = 


cos  Gu  = 


12  8 

df. 


24 

”  dfi  df^ 


5  12 
3  0  0  3 


r/P^ 

d/j. 


i2  8. 
4  5  5 


^^5  I _ 4  ^  ^^^3  I 

r//x 


dfU, 


COS 


u  = 


df^ 


(C), 

P)> 

(E) , 

(F) ; 

(G) , 


cos  2ii- 


_4_ 

dfjC^ 


7  ^ 

T3A 


(H), 


cos  3?^  = 


8 

3  46  5 


f/;a3 


(I), 


COS  4w  = 

cos  5w  = 

cos  Gu  — 


_ 6  4 _ __  1  6  ^’^^5  1  7  ^^^3 

45045  1  7  5  5  ^^3  +  29  7  V 

1  3  5  1  3  5  1  48  5  i"  429  ^;^3 

512  _1_ 

7  6  5  7  6  5  ^^^3  3  6  465  ^^^3  "1-  5  8  5 


_7_^ 
1‘^8  7  ^^3  • 


(K), 

(E), 

(M). 


There  is  another  formula  useful  in  similar  investigations,  which  may  find  a  place 
here,  although  I  have  not  used  it  in  the  final  reductions.  It  is  the  expression  of  a 
zonal  harmonic  in  terms  of  the  n'"'^  differential  coefficient  of  other  zonal  harmonics. 


p _ {2i  +  2?z-  +  1) _ 

'  ~  (2i  +  2n  +  1)  (24  +  2n-l)  .  .  .  {2i  +  1) 
n  {2i  +  2n  —  3) 


c/"P- 

^  I  +  1 


r/"P' 

' '  1-  /  +  «  —  2 


+ 


1  (24  +  2a  -  1)  (24  +  2a  -  3)  .  .  .  (24  -  ] )  "  ^  + 
a.a  — 1  (24  +  2?i— 7) 


1.2  (24  +  2?!,  —  3) . . .  (2?;  —  3) 

24-(2a-l) 


cPP,- 


«  +  «  —  4 


fPP 

*-  i  —  n> 


(2/  +  l)(2(-l)...(24-(2a-l) 
the  general  y)*”  term  being 

,  ,  ,  a.74  —  1 . . .  a  —  (»  —  2)  24  +  2a  +  5— 4» 

''  '  1.2...  a- 1  (24 


(24  +  2n  +  3  —  2p)  (24  +  2?i.  +  1  —  2p) ...  (24  +  3  —  2p) 


ff“P 

tt  X  — 


i+n—2p+4* 


The  proof  is  conducted  exactly  in  the  same  way  as  for  equation  (3).  If  i  is  equal  to 
or  greater  than  2n,  the  series  has  its  full  number  of  terms,  viz.,  n  +  1,  otherwise  the 
series  breaks  off  owing  to  the  differential  coefficients  vanishing. 
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III.  Expansion  of  Potential  in  tenas  of  a  Series  of  Surface  Ilannonics. 

We  know  from  observation  that,  excepting  the  Arctic  regions,  the  daily  variation  of 
the  West  force  is  nearly  the  same  along'  the  same  circle  of  latitude.  It  is  this  fact 
which  renders  the  present  investigation  possible,  as  comparatively  few  places  of 
observation  will  be  necessary  to  give  us  a  very  fair  idea  of  the  nature  of  the  oscil¬ 
lation  over  a  considerable  area  of  the  Earth’s  surface.  If  at  any  place  we  find  that  the 
daily  oscillation  of  any  one  element  can  be  expressed  in  the  form 


cos  t  +  sin  cos  '2t  -f  6.3  sin  -f  .  .  ., 


when  t  is  reckoned  by  local  time,  we  may  get  the  variation  at  any  point  of  the  same 
latitude  circle  by  writing  t  f  \  for  t,  where  X  is  the  longitude  towards  the  East  from 
some  standard  meridian  and  t  now  is  the  time  of  the  standard  meridian.  At  the  time 
^  =  0  we  have  then  the  variation  of  the  force  to  geographical  West  in  different  lougi- 
tudes  expressed  by 

Y  =  cos  X  f-  sin  X  +  a.2  cos  2X  fi-  h.^  sin  2X. 

The  coefiicients  will  be  functions  of  the  latitude,  and  by  expressing  these  functions 
in  a  series  of  proper  form  we  may  at  once  obtain  an  expression  for  the  potential. 

If  X  is  the  force  to  geographical  North,  Y  the  force  to  geographical  West,  and  Z  the 
vertical  force,  reckoned  positive  upwards,  we  have,  putting  u  for  the  colatitude,  and  X 
for  the  longitude  towards  the  East, 


X  = 


dV 
a  die 


Y  sin  It  = 


df_ 
a  dx’ 


z 


dN_ 

dr’ 


a  being  the  Earth’s  radius. 

If  we  can  expand  Y  sin  u  in  terms  of  surface  harmonics  our  task  is  accomplished, 
and  for  this  purpose  we  need  only  express  a^  sin  u,  sin  u,  &c.,  in  a  series  of  tesseral 
harmonics. 

The  expansion  of  a  function  of  an  angle  in  terms  of  the  trigonometrical  functions  of 
its  multiples  is  so  easily  carried  out  by  the  method  of  least  squares,  if  the  function  is 
given  fur  a  regular  series  of  submultiples  of  £77,  that  it  seemed  to  me  to  be  the  easiest 
method  of  proceeding  to  obtain  first  by  interpolation  from  the  observed  coefiicients  of 
Y  its  values  for  equidistant  circles  of  latitude. 

To  obtain  a  curve  for  each  of  the  values  a^,  a^,  bo,  as  depending  on  the 

latitude,  we  have  the  following  data.  The  values  are  directly  observed  for  four 
points  in  the  Northern  hemisphere.  Taking  the  potential  (as  it  is  observed  to  be) 
symmetrical  on  the  Northern  and  Southern  hemispheres,  and  fixing  the  period  to 
which  we  apply  the  calculation  to  be  the  one  for  which  the  mean  value  of  the 
observed  summer  variations  in  the  Northern  hemisphere  holds  good,  we  must  put,  for 
the  West  force  at  the  same  period,  in  the  Southern  half  of  the  globe,  the  observed 
ivinter  values  of  the  corresponding  Northern  latitudes,  reversing,  however,  the  sign  to 

3  P  2 
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make  our  expression  agree  with  observation.  We  have  then  eight  values  for  the 
different  terms  of  Y  through  which  we  might  at  once  proceed  to  draw  a  curve  ;  but, 
making  use  of  the  observed  variations  of  Northern  force,  we  can  also  calculate  the 
direction  of  the  tangent  of  the  required  curve  for  the  same  eight  points.  This  has 
been  done  as  follows.  Let  Y  be  expressed  as 


and  X  as 


!£(«„  cos  n\  +  l>,i  sin  n\), 
cos  nX  +  sin  n'k). 


Tlie  existence  of  a  potential  implies  the  relation 

clY  sin  00  dX. 


du 


d\ 


or 


dY  dX  , 

~  —  cosec  u  —  1  cot  u, 

du  d\ 


from  which,  by  substitution. 


.  / d(tfi  dh,i  , 

A  —  COS  nk  4-  —  sm  nk 
\  du  du 


and,  therefore, 


=  cosec  u  —  cot  u)  cos  nk  —  cosec  u  +  cot  u)  sin  J?X]  ; 


—  =  na,,  cosec  u  —  a,,  cot  u, 
dio 

dh,t  .  j  , 

—  =  —  na,i  cosec  u  +  b„  cot  u. 
du 


These  equations  give  the  rate  of  change  per  radian  ;  to  get  the  rate  of  change  per 
degree  of  colatitude  we  have  to  multiply  the  differential  coefficients  with  the  circular 
measure  of  one  degree.  The  following  Table  gives  the  rate  of  change  of  the  West 
force  per  degree  of  colatitude,  calculated  as  explained  from  the  Noith  force. 


Table  V. 

Tlie  unit  of  force  in  this  Table  is  lO"*"  C.G.S.,  and  the  unit  of  latitude  is  1  degree. 


Bombay. 

I  Lisbon. 

Greenwich. 

St.  Petersburg. 

Summer, 

1 

IViuter. 

Summer. 

Winter. 

Summer. 

1  AViuter. 

Summer. 

i  Winter. 

da-^jdu  . 

-  0-201 

+  0-714 

-  1-210 

-  2-561 

+  0-356 

-  2-793 

+  1-951 

—  3-086  : 

dhjdu 

-  7-853 

-  6-326 

+  0-432 

+  0-931 

+  2-118 

+  2-053 

+  2-342 

+  1-107  i 

da  r,  Idol  . 

-  1-184 

+  0-258 

-  2-087 

-  2-207 

+  0-150 

-  0-330 

-  0-079 

-  0-605 

dhifjdii 

-  6-079 

-  4-754 

+  0-948 

+  1-684 

+  5-445 

+  3-318 

+  7-185 

+  2-689 

da.^ld,u  . 

-  2-9-21 

-  1-968 

-  1-218 

—  0-658 

-  0-416 

+  0-600 

+  2-805 

+  1-650  : 

dJ\Jdu  . 

-  2-420 

-  2-277 

-  0-527 

+  0-580 

+  0-988 

+  1-564 

-  0-030 

4-  1-112 

dajdii  . 

-  1-125 

-  1-768 

-  1-084 

+  0-503 

+  0-501 

+  0-622 

+  0-329 

+  0  640  - 

dbjdti 

+  O-407 

-  1-117 

-  0-471 

+  0-018 

-  1-036 

+  0-109 

F  0-936 

1 

+  0-137  : 

1 

1 
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Curves  were  now  carefully  drawn  for  each  of  the  eight  coefficients,  making  them  fit 
in  as  well  as  possible  with  the  ordinates  and  the  direction  of  their  tangents,  as  given 
in  Tables  III.  and  V. 

The  values  of  Y  were  then  read  off  foi’  each  7°‘5  of  colatitude,  and  a  fresh  table 
was  formed  (Table  VI.). 

From  this  point  onwards  we  have  to  carry  on  the  calculations  separately  for  each 
type  of  the  variation. 

Table  VI. 

Coefficients  in  the  series  Y  =  cos  t  sin  t  +  a.,  cos  2t  sin  2t  Vc.  for 
different  degrees  of  colatitude,  the  unit  of  force  being  C.G.S.  X  10“''. 


Colatitude. 

K 

a_. 

h,. 

a  j. 

h- 

a^. 

■i' 

i 

O 

1  0 

+ 

10 

0 

0 

0 

0 

(  + 

48) 

( 

0) 

( 

i 

0) 

7-5 

-f 

32 

+ 

97 

+ 

42 

+ 

9 

(+ 

12) 

(  + 

51) 

(  + 

1) 

(  + 

3)  ' 

15-0 

+ 

52 

+ 

158 

+ 

76 

+ 

22 

(+ 

24) 

(  + 

53) 

(  + 

■  1) 

(  + 

6)  ' 

22-5 

+ 

71 

+ 

196 

+ 

91 

+ 

48 

+ 

39 

+ 

54 

+ 

1 

+ 

7 

30-0 

+ 

85 

+ 

215 

+ 

90 

+ 

101 

+ 

56 

+ 

54 

+ 

2 

+ 

11 

37-5 

+ 

96 

+ 

231 

+ 

89 

+ 

143 

+ 

73 

+ 

55 

+ 

11 

+ 

18 

4.5-0 

+ 

92 

+ 

243 

+ 

96 

+ 

160 

+ 

99 

+ 

61 

+ 

16 

— 

3 

52-5 

+ 

85 

+ 

247 

+ 

90 

+ 

168 

+ 

98 

58 

+ 

22 

— 

21 

60-0 

+ 

74 

+ 

205 

+ 

83 

+ 

165 

+ 

91 

+ 

54 

+ 

20 

— 

24 

67-5 

-t- 

65 

+ 

144 

+ 

131 

+ 

83 

+ 

89 

+ 

28 

+ 

11 

— 

20 

75-0 

+ 

63 

+ 

87 

+ 

127 

37 

+ 

69 

+ 

10 

+ 

2 

— 

15 

82-5 

+ 

58 

+ 

58 

+ 

117 

+ 

15 

+ 

46 

— 

3 

— 

6 

— 

11 

90-0 

+ 

37 

+ 

42 

+ 

82 

-J- 

7 

+ 

25 

— 

2 

— 

14 

+ 

6 

97-0 

+ 

10 

+ 

21 

+ 

15 

+ 

1 

+ 

3 

-1- 

1 

— 

20 

+ 

18 

105-0 

— 

3 

— 

7 

— 

4 

— 

17 

— 

16 

— 

6 

— 

27 

13 

112-5 

+ 

3 

— 

56 

— 

3 

— 

48 

— 

36 

— 

23 

— 

40 

0  ' 

120-0 

0 

— 

105 

— 

4 

— 

102 

— 

47 

— 

45 

— 

43 

— 

23 

127-5 

— 

50 

— 

120 

— 

15 

— 

118 

— 

53 

— 

50 

— 

35 

— 

26 

135-0 

— 

78 

— 

113 

— 

16 

— 

106 

— 

54 

— 

46 

— 

31 

— 

25 

i  142-5 

— 

97 

— 

100 

+ 

10 

— 

85 

— 

47 

— 

37 

— 

24 

— 

24 

150-0 

— 

121 

— 

85 

+ 

6 

— 

65 

— 

38 

— 

30 

— 

12 

— 

14 

157-5 

— 

140 

— 

75 

+ 

2 

— 

46 

— 

22 

— 

21 

— 

5 

— 

13 

^  165-0 

— 

154 

— 

61 

+ 

1 

— 

30 

(- 

9) 

14) 

(- 

3) 

(- 

9) 

172-5 

— 

162 

— 

36 

0 

— 

14 

(- 

2) 

(- 

6) 

(- 

2) 

4)  1 

180-0 

165 

0 

0 

0 

( 

0) 

( 

0) 

( 

0) 

( 

0)  1 

The  quantities  a^,  by  were  expressed  in  the  usual  way  in  terms  of  the  multiples  of 
the  cosines  of  the  colatitude,  and  two  equations  obtained  which  can  be  shown  to 
represent  with  sufficient  accuracy  the  force  of  the  first  type  towards  the  geogTaphical 
West. 

ay=  —  5  +  106'7  cos  u  —  50'6  cos  2u  =-  1’7  cos  Su  —  14'6  cos  -in 

—  8’9  cos  5u  —  2'0  cos  6u, 

by  —  49'4  +  lofffi  cos  u  —  0‘4  cos  2u  —  76'0  cos  3w  —  18’i  cos  4w 

—  31'3  cos  5u  —  9'2  cos  6u. 


If,  now,  cos  ic,  cos  2m,  cos  3m,  &c.,  be  expressed  in  terms  of  dVyjdjx,  d^Jd^iy,  dV.JdyL, 
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&c.,  we  have' an  equation  for  that  part  of  Y  which  depends  on  cos  X  and  sin  X. 
After  multiplication  with  sin  u,  one  side  of  the  equation  contains  the  colatitude  in 
form  of  tesseral  harmonics  only,  and  hence  we  obtain  at  once  the  required 
expansion  of  The  equations  are 


=  cos  X 
+  sin  X 


24-09  ^  +  35-59  —  8-45  'y*"'  +  2-39  ^  —  2-41  —  1-64 

dfju  dfjb  diJb  djjb  dfj.  dfji 

48-00  +  81-52  +  5-66  —  7-62  —  1-09  ^ 

uiJb  clijb  clfM  dfjL  ayu 

dl\  PP,1 

-  5-78  ^  -  1-57  -  0-34  —  j- 

ay  cty  cty  J 


With  the  help  of 
we  have,  finally, 


dY 

dx. 


=  Ya  sin  u, 


-  =  cos  X[48-00TV  +  81-52TV  +  5-66T3I  -  7-621V 

—  1-091V  -  5-78T61  —  1-57T/] 

+  sinX[  -  24-09l\i  +  35-59TV  +  8-45T3I  —  2-391V 

+  2-41TV  +  l-OlTgi  +  0-34T/]  .  .  [A], 


To  obtain,  similarly,  an  expression  for  the  series  of  coefficients  h.^  were 
expi-essed  in  terms  of  sin  u,  sin  2u,  &c.,  giving  the  equations 

O2  =  67-0  sin  u  +  6I-3  sin  2a  +  7-4  sin  3a  —  11-6  sin  4zt  +  15-9  sin  5a  +  18-6  sin  6u, 

=  21-5  sin  a  +  113-2  sin  2u  -j-  7^7  sin  3a  —  12-6  sin  4m  —  10-8  sin  Sa  —  28-2  sin  6a. 


From  the  known  expansion  of  con  pu,  in  terms  of  the  first  differential  coefficient  of 
the  zonal  harmonics,  we  can  obtain  by  differentiation  an  equation  which  will  at  once 
give  us  in  the  required  form. 

Thus,  for  instance,  we  have  by  Equation  D,  page  474, 


cos  4  a  == 


(/P, 

dfjb 


]  6 
4  5 


dV  r/P 

u  i.  3  I  3_  'ihi 


and  differentiating  with  respect  to  p. 


4  sin  4m  / 


sin  a  = 


dp3 


1  6 

4  5 


d^>, 

dll^ 


,3_ 
3  5 


dfl'' 


By  substituting  this  and  other  similar  expressions,  we  find 
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Y'^''sin  11  =  cos  2X 


G4-59  +  9-42 


—  0-42  .  „  —  1'47  — 


(Ifj? 


(Itj? 


tl-V  r/-P  ' 

+  »-'Gv+"'5‘;,A 


+  sin  2X 


r72T>  r72p  rZ^P 

17-69  +  15-87  --7  +  1-27  4-^  +  0-68^ 

illjb~  a  [ji- 


—  0-40 


cin\, 


—  0-80 


rzqy 

dfjr 


and  from  this,  by  multiplication  with  sin®  u  and  integration  with  respect  to  X, 

-  V<2Vfl  =  cos  2X  [2-95  T/  +  7-94  T3®  +  0-63  T,®  +  0-34  T/  -  0-20  T,®  -  0-41  T/] 

-sin  2X [10-76  T2®  +  4-72  T3®-0-21  T^® - 0-73  15®+ 0-29  Tg®  +  0-26  T.®J  .  [B], 

To  find  y®  from  the  coefficients  O3,  63,  a^,  h^,  the  values  of  these  coefficients  were  all 
divided  by  sin®  u,  for  a  reason  which  will  appear.  It  was  then  found,  however,  that  to 
represent  the  numbers  so  obtained  satisfactorily,  a  greater  number  of  terms  was 
necessary  in  the  expansion  than  the  observations  seemed  to  justify.  I  was  thus  led  to 
give  up  calculating  as  far  as  tliese  types  are  concerned  the  terms  on  which  the  differ¬ 
ence  between  summer  and  winter  depends,  so  that,  instead  of  using  tlie  coefficients  from 
Table  VI.,  the  mean  of  corresponding  values  on  both  sides  of  the  equator  were  taken, 
changing,  of  course,  the  sign  of  the  coefficient  given  for  the  Southern  hemisphere.  In 
the  next  place,  it  was  found  that,  owing  to  the  smallness  of  sin  u  at  high  latitude,  the 
three  numbers  corresponding  to  the  colatitudes  0°,  7°-5, 15°  were  veiy  large,  while  their 
weight  is  very  small,  as  they  have  only  been  obtained  by  graphiceJ  extrapolation  ; 
I  have,  therefore,  discarded  these  numbers  altogether,  putting  them  into  brackets  in 
Table  YI.  Bessel  has  shown  how  the  method  of  least  squares  may  be  applied  to 
obtain  a  trigonometrical  series  for  a  succession  of  values  some  of  which  are  missing. 

The  equations  thus  calculated  are  as  follows  : — 


=74  cos  u  —  118  cos  3m  —  101  cos  5m, 

63/sin®  u  =  23  cos  u  —  111  cos  3m  —  127  cos  5m, 

04/sin®  u  =  39  sin  2m  —  6  sin  Au  —  9  sin  Gu, 

7>4/sin®  M  =  31  sin  2  m  +  38  sin  4  m  +  4  sin  6  m. 

The  agreement  with  tlie  numbers  from  which  the  series  are  obtained  is  not  as  good 
as  would  be  desirable,  especially  for  O3  and  63,  but  the  types  higher  than  the  second 
will  probably  depend  much  on  local  circumstances,  and  the  result  would  not,  in 
my  opinion,  repay  the  trouble  of  taking  account  of  further  terms  in  the  above  series  ; 
cos  M,  cos  3m,  and  cos  bu  have  already  been  given  in  terms  of  c7^P;/cZp,®  (Equations 
G,  I,  L,  page  474),  and,  by  differentiation  with  respect  to  ti,  we  can  also  get  sin  2m, 
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sin  ii(,  sin  6m  in  terms  of  sin  u  /  eZ/x^.  This  gives,  by  substitution  and  integration 
with  respect  to 

-  Y^^'/a  =  (-  0-0401  TgS  +  0-1426  T,3  +  0-2523  cos  3X 

+  (0-0319  Tg^  -  0-0936  TgS  -  0-5577  sin  3\ 

+  (0-00033  T/  +  0-00279Td'  -  0-00411  T/)  cos  4\ 

_p  (_  0-00075  T/  -+  0-00078  T/  —  0-01978  Tg^)  sin  4X. 

We  liave  obtained  thus  finally,  38  coefficients  in  the  expansion  of  V/a,  which,  for  the 
sake  of  reference,  I  collect  into  Table  VII. 

In  this  Table  0,^”*  is  the  coefficient  of  T,/"  cos  m\. 

S/'  ,,  ,,  T/' sin  wX. 

Table  VII. 

The  unit  of  force  is  C.G.S.  10~®. 


48-00 

Co2 

2-948 

cp 

0-252 

Cd 

— 

81-52 

C32 

— 

7-936 

Ce* 

— 

0-143 

Cg' 

5-66 

cp 

— 

0-630 

+ 

0-040 

+ 

7-62 

C52 

— 

0-341 

+ 

1-09 

Ce' 

+ 

0-200 

cp 

+ 

0-00411 

Cd 

5-78 

cp 

+ 

0-407 

cp 

— 

0-00279 

cp 

+ 

1-57 

*-9 

— 

0-00033 

sp 

+ 

24  09 

Sp 

+ 

10-764 

sp 

+ 

0-578 

sp 

+ 

35-59 

S33 

+ 

4-715 

Ss^ 

+ 

0-094 

S;P 

— 

8-45 

sp 

— 

0-214 

sp 

— 

0-032 

sp 

+ 

2-39 

R  2 

— 

0-731 

Sp 

— 

2-41 

R  2 

Og 

+ 

0-293 

Ss^ 

+ 

0-01978 

S  1 

Og 

— 

1-64 

0  2 

+ 

0-264 

sp 

— 

0-00078 

sp 

— 

0-34 

^'9 

+ 

0-00075 

In  order  to  show  how  far  these  numbers  correctly  represent  the  forces  \Yhich  have 
been  made  use  of  in  their  computation  I  have  calculated  backwards  from  the  potential 
the  force  to  geographical  West.  Table  VIII.  exhibits  the  results,  showing  by  comparison 
the  coefficients  calcidated  from  the  formulae  for  the  potential  with  those  obtained 
directly  by  observation.  It  will  be  seen  that  the  agreement  is  satisfactory,  except 
for  the  coefficients  and  h^. 

In  figs.  1.  2,  3,  and  4  the  curves  for  the  mean  of  the  yeair  are  plotted.  In  these 
curves  only  the  first  four  terms  cos  t  sin  t  cos  2t  +  Z>o  sin  2t  have  been 
used.  The  numbers  from  which  the  curves  are  plotted  are  given  in  Table  IX. 

The  curves  are  seen  to  be  almost  identical,  and  having,  therefore,  obtained  an 
expression  for  the  potential  which  correctly  represents  the  observed  West  force,  we 
may  turn  to  tlie  main  object  of  this  inquiry  and  calculate  the  vertical  forces. 

The  calculation  of  the  various  components  from  the  potential  involves  the  knowledge 
of  the  differential  coefficients  of  zonal  harmonics  and  of  the  tesseral  harmonics  for  the 
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Fig.  1. 


Bombay. 

Comparison  between  calculated  and  observed  curve  of  West  force.  The  abscissm  denote  astrouomical 
time,  the  ordinates  tbe  force  to  geographical  West,  the  unit  of  force  being  C.G.S.  10~®. 
Observed  curve,  white  line.  Calculated  curve,  dotted  line. 


Fig. 


2 


Lisbon. 

Comparison  between  calculated  and  obseived  curve  of  West  force.  The  absciss®  denote  astronomical 
time,  the  ordinates  the  force  to  geographical  West,  the  unit  of  force  being  C.G.S.  10~®. 
Observed  curve,  white  line.  Calculated  curve,  dotted  line. 
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Fig.  3. 


Greenwich. 

Compai'ison  between  calculated  and  observed  curve  of  West  force.  The  abscissie  denote  astronomical 
time,  the  ordinates  the  force  to  geographical  West,  the  unit  of  force  being  C.G.S.  10~®. 
Observed  curve,  white  line.  Calculated  curve,  dotted  line. 


Fig.  4. 


St.  Petersburg. 

Comparison  between  calculated  and  observed  curve  of  West  force.  The  abscissm  denote  astrouomica 
time,  the  ordinates  the  force  to  geographical  West,  the  unit  of  force  being  C.G.S.  10“*'. 
Observed  curve,  white  line.  Calculated  curve,  dotted  line. 
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four  observing  stations.  The  numbers  vyliich  I  have  computed  for  this  purpose  are 
given  in  Table  X. 


In  that  table  T/  stands  for 


dfji} 


I  sin*^ 


where  jx  =  cos  u  and  is  the  zonal  harmonic  ot  degree  id. 


Table  VIII. — Comparison  between  observed  and  calculated  coefficients  of  West 

force. 


Bombay 
Lisbon  . 

Greenwich  . 

St.  Petersburs 


f4,. 

K 

a 

Jo, 

Observed. 

Calcu¬ 

lated. 

Observed, 

Calcu¬ 

lated. 

Observed, 

Calcu¬ 

lated. 

Observed. 

Calcu¬ 

lated. 

Summer  . 

+ 

58 

+ 

58 

+ 

116 

+ 

124 

+ 

132 

124 

+ 

60 

+ 

73 

W inter 

0 

— 

4 

+ 

32 

+ 

41 

+ 

4 

+ 

8 

+ 

23 

+ 

39 

Mean  . 

+ 

29 

+ 

27 

+ 

74 

+ 

82 

+ 

68 

+ 

66 

+ 

41 

+ 

56 

Summer  . 

+ 

74 

+ 

88 

+ 

225 

+ 

232 

+ 

108 

+ 

90 

+ 

158 

+ 

172 

Winter 

+ 

87 

+ 

52 

+ 

119 

+ 

112 

+ 

31 

+ 

10 

+ 

104 

+ 

105 

Mean  . 

+ 

80 

+ 

70 

+ 

172 

+ 

172 

+ 

70 

+ 

50 

+ 

131 

138 

Summer  . 

+ 

85 

+ 

91 

+ 

233 

+ 

255 

+ 

83 

85 

+ 

135 

+ 

149 

Winter 

+ 

105 

-f 

95 

+ 

115 

+ 

113 

+ 

1 

— 

5 

+ 

87 

+ 

104 

Mean  . 

+ 

95 

+ 

93 

+ 

174 

+ 

184 

+ 

42 

+ 

40 

+ 

111 

+ 

127 

Summer  . 

+ 

100 

+ 

79 

+ 

225 

+ 

229 

+ 

99 

+ 

92 

115 

+ 

100 

W inter 

+ 

92 

+ 

121 

+ 

96 

93 

— 

15 

— 

6 

+ 

69 

+ 

72 

Mean  . 

+ 

96 

+ 

100 

+ 

161 

+ 

161 

+ 

42 

+ 

43 

+ 

92 

+ 

87 

Bombay 

Lisbon 

Greenwich 

St.  Petersburg  . 

Mean  of  year 

” 

>5 

5i 

«3- 

K 

rtj. 

h- 

Obsei  ved. 

Calcu¬ 

lated. 

Observed. 

Calcu¬ 

lated. 

Observed. 

Calcu¬ 

lated. 

Observed. 

Calcu¬ 

lated. 

+  71 
+  63 
+  41 
-  12 

-f-  19 
+  108 
+  82 
-  7 

+  8 
+  57 
+  44 
-  8 

-  24 
+  88 
-h  74 
+  16 

-h  24 
-h  24 
+  17 
-  18 

+  20 
+  21 
+  31 
-  20 

-  14 
+  8 
-h  14 

-  1 

-  12 
+  5 
+  21 
+  27 

3  Q  2 
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Table  IX. — Comparison  between  calculated  and  observed  variation  of  force  to 
geographical  West.  The  unit  of  force  is  C.G.S.  10“®.  The  first  four  terms 
only  of  the  series  cos  (!  +  6,  sin  t  +  cos  2^  fi-  sin  2t  have  been  taken  into 

account. 


Bomliay. 

Lisbon. 

Greenwich 

St.  Petersburg. 

Observed. 

Calculated. 

Observed. 

Calculated. 

Observed. 

Calculated. 

Observed. 

Calculated. 

Astroiioinical 

time. 

a-i  +  29 

+  27 

+  80 

+  70 

+  95 

P  93 

P  96 

P  100 

1 

1 

h  +  74 

+  82 

+  172 

+  172 

+  174 

P  184 

P  161 

P  161 

Cl-)  -f*  68 

+  66 

+  70 

+  50 

+  42 

P  40 

P  42 

P  43 

h  +  41 

+  56 

+  131 

+  138 

T  111 

P  127 

P  92 

P  87 

Hour. 

0 

+  97-0 

+  93-0 

+  1.50-0 

+  120-0 

+  137-0 

P  133-0 

P  138-0 

+  143*0 

i 

+  126-6 

+  132-5 

+  247-9 

+  224-4 

+  228-8 

P  235-6 

P  216-8 

P  219-0 

2 

+  131-6 

+  145-9 

+  303-7 

+  291-1 

+  286-4 

P  302-5 

p  264-3 

P  263-9 

1  3 

+  113-8 

P  133-1 

+  309-2 

+  309-1 

+  301-2 

P  322-9 

P  273-7 

P  271-5 

4 

+  80-1 

+  100-0 

+  267-4 

+  278-5 

+  273-3 

P  295-8 

P  246-1 

P  243-2 

5 

+  40-6 

+  57-0 

+  191-8 

+  210-0 

p  211-8 

P  230-7 

P  190-0 

P  187-7 

G 

+  6-0 

+  16-0 

+  102-0 

+  122-0 

P  132-0 

P  144-0 

P  119-0 

P  118-0 

7 

-  15-4 

-  13-0 

+  19-4 

+  35-8 

P  51-6 

P  55-5 

P  48-2 

P  48-9 

8 

-  19-9 

-  24-0 

-  39-4 

-  30-5 

-  13-9 

-  17-2 

-  9-3 

-  7-4 

9 

-  9-2 

-  17-1 

-  66-0 

-  65-9 

-  55-2 

-  62-7 

-  46-1 

-  43-9 

10 

+  10-4 

+  21 

-  61-7 

-  69-1 

-  70-4 

-  78-5 

-  61-3 

-  59-9 

11 

+  29-6 

+  24-3 

-  37-7 

-  48-8 

—  65-8 

-  71-0 

-  60-6 

-  61-2 

12 

H-  39-0 

i-  39-0 

-  10-0 

-  20-0 

-  53-0 

-  53-0 

-  54-0 

-  57-0 

13 

+  32-2 

+  37-9 

+  4-3 

+  0-2 

-■  45-0 

-  39-4 

-  52-0 

—  57-6 

14 

+  7-4 

+  17-1 

—  6-9 

-  2-1 

-  52-2 

-  42-5 

-  62-9 

-  70-3 

15 

-  31-8 

-  21-1 

-  47-2 

-  33-1 

-  79-2 

-  68-9 

-  89-7 

-  97-5 

16 

-  77-1 

-  69-0 

-  110-6 

-  89-5 

-  123-1 

-  115-8 

-  128-7 

-  1.35-6 

17 

-  117-4 

-  115-4 

-  182-0 

-  158-6 

-  173-6 

-  172-9 

-  170-8  ■ 

-  175-1 

18 

-  142-0 

-  148-0 

-  242-0 

-  222-0 

-  216-0 

-  224-0 

-  -203-0 

-  204-0 

19 

-  143-4 

-  157-4 

-  271-6 

—  260-4 

-  235-4 

-  251-7 

-  213-0 

-  210-3 

20 

-  119-1 

-  139-0 

-  257-4 

-  258-5 

-  220-3 

-  242-8 

-  192-1 

-  186-2 

21 

-  72-8 

-  94-9 

-  196-0 

-  210-1 

-  166-8 

-  191-3 

-  137-9 

-  130-1 

22 

-  13-4 

-  33-1 

-  95-1 

-  119-9 

-  79-8 

-  101-5 

-  56-1 

-  47-7 

23 

+  47-2 

+  34-1 

+  27-9 

-  2-6 

P  2/ -6 

i 

P  13-2 

P  41-4 

P  48-6 
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Table  X. — Numerical  values  for  the  zonal  harmonics,  their  differential  coefficients, 

and  the  functions  T/. 


P? 

P, 


dFJd/t 

dPJdfi 

dPJd^t. 

d^fj 

d^F^ld^^ 

d^Fljdfj? 

d^FJd^^ 

d^F,ld^fi 

d^F^ldfj? 

d^F^jdix^ 

d^PJdfi^ 

d^PJd^i^ 

d^Pjdfi^ 

d^PJd^i^ 

d^PJdfi^ 

d^P^jd/ii^ 

d^P,ldf^^ 

Td 
Td 

T  1 

-*■3 

Td 
Td 

Td 
T,2 

T  2 
-*-3 

Td 
Td 
T  2 
-*-6 
T  2 
•*-7 

T2 


T3 

Td 

T  3 
-‘-8 

m  4 

-■-s 

Td 


Bombay. 

Lisbon. 

Greenwich. 

St.  Petersburg. 

+  0-3239 

+ 

0-6255 

+ 

0-78-24 

+ 

0-8654 

-  0-3426 

+ 

0-0868 

+ 

0-4183 

+ 

0-6235 

-  0-4009 

— 

0-3265 

+ 

0-0238 

+ 

0-3224 

+  0-0297 

— 

0-4225 

— 

0-2811 

+ 

0-0206 

+  0-3380 

— 

0-2144 

— 

0-4149 

— 

0-2258 

+  0-1760 

+ 

0-1061 

— 

0-3620 

— 

0-3754 

1 

+  0-9718 

+ 

1-8764 

+ 

2-3473 

+ 

2-5963 

-  0-7131 

+ 

1-4341 

+ 

3-0914 

+ 

4-1174 

-  1-8346 

— 

0-4089 

+ 

2-5142 

+ 

4-8529 

-  0-4457 

— 

2-3681 

+ 

0-5618 

+ 

4-3029 

+  1-8839 

— 

2-7679 

— 

2-0498 

+ 

2-3692 

+  1-8421 

— 

0-9882 

— 

4-1305 

0-5776 

+  3-0000 

+ 

3-0000 

+ 

3-0000 

+ 

3-0000 

+  4-8588 

+ 

9-3821 

+ 

11-7364 

+ 

12-9816 

-  1-9916 

+ 

13-0386 

+ 

24-6401 

+ 

31-8221  ; 

-  11-6529 

+ 

5-7017 

+ 

34-3644 

+ 

56-6573  j 

-  6-8945 

— 

13-0104 

+ 

30-8207 

+ 

79-1540  1 

+  12-8380 

— 

30-2804 

+ 

7-7166 

+ 

87-4567  ! 

+  20-7369 

— 

27-8334 

— 

31-1374 

+ 

70-4907 

+  34-011 

-I- 

65-674 

+ 

82-155 

+ 

90-872 

-  94-170 

+ 

128-393 

+ 

460-164 

+ 

714-102 

+  98-399 

— 

325-813 

+ 

575-912 

+ 

2025-953 

1 

+  306-10 

+ 

591-07 

+ 

739-39 

+ 

817-84 

-918-11 

+  2260-17 

+ 

6721-52 

+  10101-17 

+  754-68 

3278-66 

+  16512-03 

+  44542-37 

+  0-9194 

+ 

1-4640 

+ 

1-4620 

+ 

1-3008 

-  0-6747 

+ 

1-1190 

+ 

1-9253 

+ 

2-0629 

-  1-7358 

— 

0-3190 

+ 

1-5658 

+ 

2-4313 

-  0-4217 

— 

1-8477 

+ 

0-3498 

+ 

2-1558 

+  1-7825 

— 

2-1596 

— 

1-2766 

+ 

1-1870 

+  1-7429 

— 

0-7710 

— 

2-5725 

— 

0-2894 

+  2-685 

+ 

1-826 

+ 

1-163 

+ 

0-753 

+  4-349 

+ 

5-712 

+ 

4-551 

+ 

3-258 

-  1-783 

+ 

7-938 

+ 

9-556 

+ 

7-987 

-  10-430 

+ 

3-471 

+ 

13-327 

+ 

14-221 

-  6-171 

— 

7-921 

+ 

11-953 

+ 

19-868  ! 

+  11-491 

— 

18-435 

+ 

2-993 

+ 

21-952 

+  18-561 

— 

16-945 

— 

12-075 

+ 

17-693  i 

+  28-801 

+ 

31-195 

+ 

19-841 

+ 

11-427 

-  79-745 

+ 

60-985 

+ 

111-130 

+ 

89-801 

+  83-326 

— 

154-760 

+ 

139-090 

+ 

254-770 

+  245-23 

+ 

219-06 

+ 

111-20 

+ 

51-525 

-735-55 

+ 

837-66 

+ 

1010-90 

+ 

636-390 

+  604-62 

1215-10 

+ 

2483-40 

+ 

2806-300 
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IV,  Comparison  of  Observed  and  Calculated  Vertical  Forces. 

I'he  complete  potential  can  be  written  down  from  the  value  at  its  surface  in  the 
usual  manner,  either  on  the  supposition  that  the  potential  is  zero  at  an  infinite 
distance,  or  that  it  is  zero  at  the  centre  of  the  Earth,  the  first  supposition 
corresponding  to  the  hypothesis  that  the  seat  of  the  magnetic  variation  is  outside 
the  Earth.  If  Y,j  is  a  surface  harmonic  of  degree  n  occurring  in  the  expansion  of 
V/a,  the  solid  harmonic  will  either  be  Y„(r/a)"  or  The  vertical  force 

is  given  by  0V/0r,  as  the  force  is  considered  positive  when  it  aces  downwards.  At 
the  surface,  therefore,  we  have  a  term  for  the  vertical  force  which  is  either  nY,,  or 
—  (w  +  l)  Y„. 

Before  we  proceed  to  discuss  the  comparisen  between  the  observed  and  calculated 
values  of  the  vertical  force,  a  few  words  are  necessary  regarding  the  available 
observations. 

The  only  station  for  which  we  have  complete  records  for  1870  is  Lisbon.  It  is 
therefore  impossible  to  obtain  a  satisfactory  series  for  the  vertical  force  which 
would  give  us,  if  our  information  was  more  complete,  directly  the  two  terms,  one 
due  to  outside,  the  other  due  to  inside,  effects.  But  I  shall  show  that  even  from  the 
existing  data  we  can  draw  important  conclusions. 

At  Bombay  no  vertical  force  determinations  are  published,  as  far  as  I  know,  before 
1873,  when  the  magnetograjih  came  into  operation;  but  we  have  complete  records 
between  1873  and  1878.  During  these  years  the  general  type  of  the  vertical  force 
remained  practically  the  same,  only  the  range  varying.  Figs.  5  and  6,  for  instance, 


Fig.  5.  Fig.  6. 


are  tracings  of  the  curves  given  by  Mr.  Chambers  in  the  years  1873  and  1877,  the 
two  years  which  differ  most  in  range.  The  other  years  show  curves  vaiying  between 
these  two  extremes.  As  far  as  the  general  form  of  the  curve  is  concerned,  we  cannot 
go  far  wrong,  therefore,  if  we  make  use  of  the  1873  observations,  especially  as  the 
horizontal  components  show  no  marked  difference  (except  as  regards  range)  in  1873 
and  1870. 

Similar  remarks  apply  to  Greenwich.  Although  published  records  exist  for  1870, 
there  is  an  uncertainty  about  the  temperature  correction,  which  makes  the  vertical 
force  observations  previous  to  1882  useless  for  our  present  purpose. 

I’able  XI.  will  give  an  idea  of  the  changes  which  the  vertical  force  variation  is 
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subject  to  in  various  years.  The  numbers  are  copied  from  the  published  records  of 
the  Greenwich  Observatory. 


Table  XI. 


Coefficients  in  the  series 

sin  (^  +  a)  +  Cg  sin  {2t  +  /3)  +  Cg  sin  (3^  +  y)  +  C4,  sin  {U  +  y) 

where  changes  in  represent  changes  in  the  vertical  force,  the  unit  being 
'00001  of  the  whole  vertical  force  ;  t  being  the  time  from  midnight. 


G- 

a. 

Cj. 

C3. 

7- 

G- 

d. 

0 

0 

0 

0 

1883 

14-3 

148T3 

13-1 

266-58 

5-3 

89-60 

1-3 

293-20 

1884 

14-8 

139-33 

11-7 

272-00 

5-5 

95-52 

2-1 

289-49 

1885 

13-0 

137-50 

11-7 

265-35 

5-1 

88-28 

1-5 

281-04 

1886 

12-5 

160-58 

11-9 

268-38 

4-0 

94-22 

1-2 

297-50 

The  principal  discrepancy  here  occurs  in  the  angle  a,  which  would  give  a  difference 
of  phase  between  1885  and  1886  of  about  23°,  or  about  an  hour  and  a  half;  the 
angle  a  differs  much  at  Greenwich  during  different  months ;  the  phases  of  the  other 
terms  show  practically  no  difference.  In  comparing  the  observed  and  calculated 
values,  I  have  taken  the  year  1884,  as  during  that  year  the  range  of  the  declination 
needle  was  greatest,  and  corresponded  most  nearly  to  that  of  1870. 

At  St.  Petersburg,  also,  the  results  for  1870  are  not  corrected  for  temperature,  and 
there  is  reason  to  believe  that  this  has  affected  the  observed  type  considerably.  I 
have  therefore  compared  the  results  of  calculation  with  observation,  also,  for  the  year 
1878,  in  which  year  the  temperature  corrections  have  been  taken  into  account. 

We  must  remember,  then,  in  the  comparison  between  the  observed  and  calculated 
values,  that  the  greatest  weight  must  attach  to  the  Lisbon  observations,  and  that 
comparatively  little  value  is  to  be  given  to  St.  Petersburg,  as  I  have  no  records  at  my 
disposal  which  would  enable  me  to  judge  how  far  the  type  of  vertical  force  there 
varies  from  year  to  year. 

Tables  XII.  and  XIII,  give  the  values  of  the  coefficients  a^,  a^,  63,  &c.,  as  calculated 

on  the  hypothesis  that  the  disturbing  foree  comes  from  the  inside  of  the  Earth. 
Tables  XIV.  and  XV.  give  their  values  ealculated  on  the  hypothesis  that  the 
disturbing  force  is  outside.  In  both  cases  the  observed  numbers  are  given  for 
comparison.  I  have  calculated  the  values  for  Lisbon  separately  for  the  winter  and 
for  the  summer  months  ;  in  the  other  cases  the  values  for  the  mean  of  the  year  only 
have  been  taken.  The  years  attached  to  the  observing  stations  refer  to  the  date  of 
the  observations  ;  the  calculated  values  all  belong  to  1870. 
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Table  XII. — Com[)anson  between  the  observed  and  calculated  coefficients  for  the 
vertical  force,  h-^,  a^,  on  the  hypothesis  that  the  disturbing  force  is  inside 
the  Earth. 


a 

• 

h 

a 

• 

Calculated. 

Observed. 

Calculated. 

Observed. 

Calculated. 

Observed. 

Calculated. 

Observed. 

Bombay . 

+  219 

-  42 

-  57 

+  9 

+  79 

-  21 

-  152 

+  28 

Lisbon,  summer  . 

+  580 

-  196 

-  206 

+  66 

+  381 

-  201 

-  87 

+  26 

,,  winter  .... 

+  336 

-  135 

-  149 

+  55 

+  277 

-  103 

-  19 

+  1 

Greenwich,  3884  . 

+  350 

-  42 

-  190 

+  49 

+  139 

-  51 

-  34 

+  2 

St.  Petersburg,  1870. 

+  177 

+  114 

-  154 

+  125 

+  62 

-  59 

-  45 

-  38 

„  1878.  . 

-  8 

•  • 

+  29 

•  • 

-  24 

—  2 

Table  XIII. — Comparison  between  the  observed  and  calculated  coefficients  O3,  h^,  a^, 
for  the  vertical  force  on  the  hypothesis  that  the  disturbing  force  is  inside  the 
Earth. 


a; 

• 

h 

«4 

h- 

Calculated. 

Observed. 

Calculated. 

Obsei 

ved. 

Calculated. 

Observed. 

Calculated. 

Observed. 

Bombay . 

-  73-4 

-  10 

-  42-0 

+ 

35 

-  20-4 

+  3 

-  29-0 

+ 

16 

Lisbon . 

+  156T 

-  81 

-171-4 

+ 

12 

+  9-2 

-  21 

-  22-1 

+ 

11 

Greenwich . 

+  85-5 

-  24 

-  88-0 

+ 

3 

+  28-1 

-  8 

-  38-2 

+ 

3 

St.  Petersburg .... 

+  12-0 

-  12 

-  17-4 

— 

8 

+  22-3 

-  18 

-  33-3 

— 

1 

Table  XIV. — Comparison  between  the  observed  and  calculated  coefficients  b^,  60 

on  the  assumption  that  the  disturbing  force  is  outside  the  Earth. 


«!• 

K 

b.y 

Calculated. 

Observed. 

Calculated. 

Observed. 

Calculated. 

Observed 

Calculated. 

ObseiTed. 

33ombay . 

-  141 

-  42 

+  31 

+  9 

—  53 

-  21 

+  121 

+  28 

Lisbon,  summer 

-  398 

-  196 

+  137 

+  66 

-  315 

-  203 

+  52 

+  26 

„  winter  .... 

-  248 

-  335 

+  108 

+  55 

-  235 

-  103 

+  15 

+  1 

Greenwich,  1884  . 

-  235 

-  42 

+  132 

+  49 

-  110 

-  51 

+  21 

+  2 

St.  Petersburg,  1870  . 

-  97 

+  3  34 

+  104 

+  125 

-  40 

-  59 

+  35 

-  38 

„  1878.  . 

•  • 

-  8 

+  29 

-  24 

_  2 
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Table  XV. — Comparison  between  the  observed  and  calculated  coefficients  a^,  h^,  a^, 
on  the  assumption  that  the  disturbing  force  is  outside  the  Earth. 


a-i- 

h- 

a^. 

b- 

Calculated. 

Observed. 

Calculated. 

Observed. 

Calculated. 

Observed. 

Calculated. 

Observed. 

Bombay . 

+  66 

-  10 

+  22 

+  35 

-b  18 

+  3 

+ 

24 

+ 

16 

Lisbon . 

-  134 

-  81 

+  125 

+  12 

-  8 

-  21 

+ 

18 

+ 

11 

Greenwich . 

-  70 

-  24 

-b  38 

+  3 

-  25 

-  8 

33 

+ 

3 

St.  Petersburg .... 

-  7 

-  12 

+  16 

-  8 

-  20 

-  18 

I 

+ 

27 

— 

1 

Confining  ourselves  in  the  first  place  to  the  first  four  coefficients,  we  find  that  out 
of  twenty  coefficients  eighteen  have  the  wrong  sign  on  the  hypothesis  of  an  internal 
cause,  while  only  two  have  the  wrong  sign  on  the  hypothesis  of  an  external  cause, 
and  those  two  belong  to  St.  Petersburg,  to  which  station,  as  was  pointed  out,  we  cannot 
attach  much  value.  If  instead  of  the  numbers  given  for  1870  we  take  the  numbers 
given  at  the  same  station  for  1878,  the  agreement  becomes  better,  even  for  St. 
Petersburg.  The  coefficients  a^,  63,  a^,  are  of  course  more  uncertain  ;  but  even 
here  the  evidence  is  strongly  in  favour  of  the  external  cause.  Out  of  twenty 
coefficients  seventeen  agree  in  sign  with  that  hypothesis. 

A  better  comparison  can  perhaps  be  obtained  in  a  different  way  :  the  two  terms 


can  be  written 


cos  nt  +  h  sin  nt 
cos  n{t  —  t,), 


where  r„  is  the  amplitude  of  the  oscillation,  and  C  the  time  at  which  the  maximum 
elongations  take  place. 

Tables  XVI.  and  XVII.  contain  the  results  for  t„,  and  from  these  tables  I  think  it 
will  clearly  appear  that  the  phase  of  the  vertical  force  completely  agrees  with  tlie 
assumption  of  an  external  cause  and  completely  disagrees  with  the  assumption  of  an 
internal  cause. 

For  Lisbon,  our  principal  station  of  comparison,  the  phase  in  Table  XVI.  agrees 
for  both  the  diurnal  and  semi-diurnal  variation  within  four  minutes  of  time.  For 
Bombay  the  diurnal  variation  agrees  within  three  minutes,  and  the  semi-diurnal 
variation  within  36  minutes.  For  Greenwich,  the  semi-diurnal  variation,  which  we 
have  seen  differs  little  from  year  to  year,  agrees  closely,  while  the  diurnal  variation 
shows  a  greater  difference.  In  all  these  cases  the  phases,  as  calculated  in  Table  XV., 
are  in  as  great  a  disagreement  as  possible.  St.  Petersburg  gives  less  decisive  results, 
but  they  still  go  in  the  same  direction,  especially  if  we  take  the  observations  of  1878 
to  represent  the  type  of  vertical  variation. 

MDCCCLXXXIX. -  3  R 
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The  amplitudes  of  the  variation  are  given  in  Table  XVIII.  where  the  second 
column  gives  the  calculated  values  on  the  hypothesis  which  we  must  reject,  while 
the  third  column  gives  the  same  numbers  calculated  on  the  assumption  of  an 
external  cause. 

The  calculated  numbers  are  much  larger  than  the  observed  ones,  which  is  a  fact 
requiring  explanation.  But,  the  range  of  vertical  force  differing  from  year  to  year, 
we  must  confine  ourselves  in  our  reasoning  pi’incipally  to  the  Lisbon  observations. 

The  changes  in  the  range  of  different  years,  as  far  as  we  have  any  observations, 
are  not  so  considerable,  however,  as  to  account  for  the  discrepancies  at  Bombay  or 
Greenwich,  and  we  must  conclude,  I  believe,  that  also  for  those  stations  a  considerably 
smaller  range  is  obtained  in  the  observed  than  in  the  calculated  forces. 


Table  XVI.- — Observed  and  calculated  values  of  the  coefficients  h  and  of  vertical 
force,  when  expressed  in  the  form  cos  [t  —  q)  +  cos  2  {t  —  on  the  sup¬ 
position  that  the  disturbing  force  is  inside  the  Earth. 


Bombay . 

Lisbon . 

Greenwich . 

St.  Petersbui'g,  1870  . 

„  1878 .  . 

ti.  1  ^2- 

1 

Calculated. 

Observed. 

Difference. 

Calculated. 

Observed. 

DifiFerence. 

h.  m. 

23  02 

22  35 

22  06 

21  16 

h.  m. 

11  13 

10  40 

8  42 

3  10 

7  05 

h.  m. 

+  11  49 
+  11  58 

-  11  57 

-  5  54 

-  9  49 

li.  m. 

9  55 

11  42 

11  32 
10-48 

h.  m. 

4  23 

5  60 

5  56 

7  05 

6  12 

li.  m. 

+  5  32 
+  5  52 
+  5  36 
-|-  3  43 
+  4  36 

Table  XVII. — Observed  and  calculated  values  of  the  coefficients  h  and  0  when 
expressed  in  the  form  tq  cos  [t  —  q)  -f- cos  2  [t  —  O)  the  supposition  that  the 
disturbing  force  is  outside  the  Earth. 


h- 

u. 

Calculated. 

Observed. 

Difference. 

Calculated. 

Observed. 

Difference. 

h.  m. 

li.  m. 

h.  m. 

h.  m. 

li.  m. 

h.  m. 

Bombay . 

11  10 

11  13 

-  0  03 

3  47 

4  23 

—  0  36 

Lisbon . 

10  37 

10  40 

-  0  03 

5  46 

5  50 

-  0  04 

Greenwich . 

10  03 

8  42 

+  1  21 

5  38 

5  66 

-  0  18 

St.  Petersburg,  1870  .  . 

8  52 

3  10 

+  5  42 

4  38 

7  05 

-  2  27 

„  1878.  . 

7  05 

-  1  47 

•  • 

6  12 

-  1  34 
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Table  XVIII. — Observed  and  calculated  values  of  and  in  the  expression 
cos  {t  —  +  rg  cos  2  for  vertical  force. 


Bombay . 

Lisbon . 

Greenwich . 

St.  Petersburg,  1870  .  . 

„  1878.  . 

n- 

Calculated 
from  inside. 

Calculated 
from  outside. 

Observed. 

Calculated 
from  inside. 

Calculated 
from  outside. 

1 

Observed. 

226 

491 

398 

235 

144 

346 

269 

142 

43 

176 

65 

169 

30 

171 

333 

143 

77 

132 

277 

112 

53 

35 

1.53 

51 

71 

24 

The  agreement  between  the  calculated  and  observed  curves  for  vertical  force  is  best 
seen  from  the  graphical  representation  given  in  figs.  7,  8,  9,  10.  In  the  curves,  the 
diurnal  and  semidiurnal  variation  only  have  been  taken  into  account.  It  is  seen 
how  at  Bombay,  Lisbon,  and  Greenwich  the  observed  curves  are  almost  identical  in 
shape  with  the  curves  calculated  on  the  hypothesis  of  an  external  cause,  if  the  range 
is  reduced  in  a  proper  ratio.  The  disagreement  with  the  curves  calculated  on  the 
other  alternative  is  complete,  a  maximum  occurring  where  a  minimum  should  occur, 
and  vice  versd.  At  St.  Petersburg,  although  the  agreement  is  much  worse,  the 
1878  curve,  which  has  been  corrected  for  temperature,  follows  pretty  closely  the  shape 
of  the  calculated  curve.  The  numbers  from  which  the  curves  have  been  drawn  are 
given  in  Table  XIX. 

Fig.  7. 


Bojibay. 

Comparison  between  calculated  and  observed  curve  of  vertical  force.  The  abscissm  denote  astronomical 
time,  the  ordinates  vertical  force,  the  unit  of  force  being  C.G.S.  10“®. 

Observed  curve,  white  line.  Curve  calculated  on  hypothesis  of  outside  force,  dotted  line.  Curve 
calculated  on  hypothesis  of  inside  force,  white  and  black  line. 

3  R  2 
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Fig.  8. 


Lisbox. 

Comparison  between  calculated  and  observed  curve  of  vertical  force.  The  absciss®  denote  astronomical 
time,  tbe  ordinates  vertical  force,  tbe  unit  of  force  being  C.G.S.  10"®. 

Observed  curve,  white  line.  Curve  calculated  on  bypotbesis  of  outside  force,  dotted  line.  Curve 
calculated  on  bypotbesis  of  inside  force,  white  and  black  line. 
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Pig.  9. 


Greenwich. 

Comparison  between  calculated  and  observed  curve  of  vertical  force.  The  abscissae  denote  astronomical 
time,  the  ordinates  vertical  force,  the  unit  of  force  being  O.G.S.  10”®. 

Observed  curve,  white  line.  Curve  calculated  on  hypothesis  of  outside  force,  dotted  line.  Curve 
calculated  on  hypothesis  of  inside  force,  white  and  black  line. 

Pig.  10. 


St.  Petersburg. 

Comparison  between  calculated  and  observed  curve  of  vertical  force.  The  abscissae  denote  astronomical 
time,  the  ordinates  vertical  force,  the  unit  of  force  being  C.G.S.  10~®. 

Observed  curves,  white  line — I.  for  1870,  II.  for  1878.  Curve  calculated  on  hypothesis  of  outside  force, 
dotted  line.  Curve  calculated  on  hypothesis  of  inside  force,  white  and  black  line. 


Table  XIX. — Comparison  between  calculated  and  observed  variation  of  vertical  force.  The  unit  of  force  is  C.G.S.  10 
The  first  four  terms  of  the  series  a-^  cos  t  +  sin  t  +  cos  2t  +  sin  2t  have  been  taken  into  account. 
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St.  Petersburg. 

Observed 

1878., 

00  Oi  ^ 

C<1  C<l 

1  +  1  1 

ooi— loO'^t^oascocvirHOcp'-.pMcocor-HOco-^^^i^o 
654icb6QrLibco  +  65QOrH-^  +  L  +  +  ocbiOQo  +  ':f  +  o 
coo<i  1  p— icqcqr-iF-H  i—ico'r^co  i 

1  i  I+  +  +  +  +  +  +  +I  1  1  1  1  i  1  1  1  1  1  1  1  I 

Calculated 

from 

inside. 

IN.  ^  lO 

r— !  i-H 

+  1  +  1 

pMMCogsi^occo^cpwr^ocicpc^rHCOp^aioM'TS 
+  G<ido  +  '^  +  +  +  +  +  o  +  +  +  +  +  +  +  +  +  +  +  oi4 

CO'^tOOJr— Its..— IC<lp-HOO'^COi-HCiOO:C>CMG^C5tD(Mr^OOO 
C<JrH  nH,— icqc^ico—l.— Ir-I.— 1 

+  +  +  1  1  1  M  1  1  1  M  1  1  1  1  +  +  +  +  +  +  + 

Calculated 

from 

outside. 

I>-  O  1-0 

Ci  O  ^  CO 
rH 

1  +  1  + 

005lN.C^C5iO>OlN.COi-HlN.iOOI>COi-HJN.COOiOO^r^COL;^ 
i^coA4d5A(i^"^630Dr^iio6oi^d5  63o6ocb^6o6or^o63 
C00003C0  05  03^^030COC0  10^-??CO  03C0O^r^C0JN- 

I-H  ^  rH  »-H  rH  i-H  i-H  rH  i-H  r— !  i-H 

1  1  I+  +  +  +  +  +  +  +  +  +  +  +  +  +I  1  1  1  1  1  1 

Observed 

1870. 

^  lO  CV  00 
!— 1  0^  lO  CO 

rH  r-H 

+  +  1  1 

0-^COOC5'^O^X^CO'XQOOCO:OOI^C3cp(^r^C^:0  0 
lOG3(i)r^T^01^fHCOib6365C003001^Q06ocbA(r^od5iO) 
i0i:^05C0C00000cOi-H^C0Oi:^>-H03O’^T-HC003r^C0C0'^ 

I-H  I-H  1-H  r-Hi-Hi-H  i-Hi-H03  03  03i-H^ 

++++++++++I 1 1 1 1 1 1 1 1 I++++ 

Greenwich. 

Calculated 

from 

inside. 

O  O  Oi 
lO  CO  CO 

CO  1^ 

+  1  +  1 

OC003q3-^G3pC0C0(XC^05Oipp03'^^-pOC0^C^Oi> 

05636ooi6ooo5i:^d5i>6^c:'r^io6oi>-<^'^rHo65ioi^'^ 

COO:'^1N-COC003]:^1N*-H^05'^  —  OOCO^O'^101^^05^05  03 
^C003  O3COC0COC0O303O3r— (i-Hi-Hi-H  i-H03^’^+O 

++++IIII11I1IIIII1++++++ 

Calculated 

from 

outside. 

lO  C<1  O 

CO  CO  t— ( 

03  rM 

1  +  1  + 

ppppp^ppp-^pp^ppr^qo^pppp'^i^p 

ijo^'^r^oo363cbQOQOcbibibQoocbocj5d3cbibo63r^ 

^t^r^iO)r^i:^’^r^coco05iO)0300C5r^coo300500^co 

CO  03  I-H  r— <  03  03  03  03  i-H  rH  i-H  i— H  i-H  i-H  rH  03  CO  CO 

1  1  1  I+  +  +  +  +  +  +  +  +  +  +  +  +  +I  1  1  1  1  1 

Observed. 

C3  0:>  r-i  03 
lO 

1  +  14 

I-H  r-H  CM  <7^ 

rO  13  rO 

OpI^^pC0pO"^03C0i:^i-HpC0O50:)Q0ppppppp 
cdrHibcb6orHOrHi^d3co6od5ibr^63ib6od3idd5cbcjoc)o 
05I>*CO  ^OOOOGO'^CO  rHr-H  rHC0COG0O5 

I  1  1+4"  +  +  +  +  +  +  +!  1  1  1+  +  +I  1  1  1  1 

Lisbon. 

Calculated 

from 

inside. 

CO  CO 

lO  !>•  03  lO 
^  ^  CO 

+  1  +  1 

Opl:^I>^J:r^C0000505l:^00003iOI^!-Hpppl^ppp 
t^ic>cbiio'4^cocb6ooid^cbd56od5r^cbd5C3'^dDrHijoo 
00i003^c0c00'^005i:^l:^03c000i0c0iit)i0)c0c0  0  0505 
I>iC0"^i-HrHC0iOi0)lOC0O3rHrHi-HrHO3  0303i-H  OllOCOlN* 

++++ 1 1 1 1 1 1 1 1  M  1 1 1 1 1 +++++ 

Calculated 

from 

outside. 

CO  03  1C  ^ 

03  03  CO 

CO  I-H  03 

1  +  1  + 

OCOppp-^OCOCOC^OO^OC^prHI^ppppl^pp 

6orHcb6orH65if^oiibocooo6o650cbd3r^cdd565aod..QO 

05O03Oi-HC00503r^C0IN.C0'^i0i— 'r^03  03iOrHiC^005 
lO  iO  CO  r— H  03  CO  CO  03  rH  rH  i-H  03  03  rH  i-H  CO  lO  lO 

1  1  1  I+  +  +  +  +  +  +  +  +  +  H — I-  +  +  H — hi  1  1  1 

Observed. 

liO  O  03  CO 

CO  CO  lO  I-H 

1— I  I-H 

1  +  l^+ 

ppppa)^ppc3rHpqopcpc^pppp^QOpq3p 

d^Oir^Ancboooiibdicbiocbcboooox^i^didj^fioioioco 

rHCOi:^COlOJOrH0305’^OOCOrHrH^OOrH03  05  03CDt^COr-i 

CO  03  rH  rH  03  03  rH  rH  rH  rH  i-H  03  CO 

1  1  1  I++4  +  +  +  +  +  +  +  +  +  +  -I — h+l  1  1  I 

Bombay. 

Calculated 

from 

inside. 

a:>  05  03 

I-H  lO  iO> 

03  I— i 

+  1  +  1 

O'^rHiOpC0pC<JQ0pppp'^ppppp^ppp00 

dod5air^r^d3cb^cbcbi^d3o4f<cocbr^cb63C5r^i>C50 

C500C£)C0rH^C0OC0^'^00-^Oi0C0C0'^P03rHiC^00i:^ 

03  rH  I— H  rH  i-H  rH  rH  03  03  03  03  rH  rH  03  CO  CO  CO 

+  +  +I  1  1  1  1  1  1  1  1  1  1  1  1  1  1  I+4-  +  +  + 

Calculated 

from 

outside. 

r— H  00 

^  CO  lO  03 

I-H  -H 

1  +  1  + 

pppq3pppcxpppppppqopppppppp 

^co6ocbi^C5'4^r^d50cbi^6o63^6oi^^cod3AHih»d3ooo 

a5rH03-=^*OOa5COiO)rH  C0C0^C0a5i:^rHO300l:^^COiO 

rH  rH  rH  rH  rH  rH  rH  rH  03  03  03 

1  1  1  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  1  1  1  1  1 

Observed. 

i 

03  05  f-H  00 

03  03 

1  +  1  + 

I-H  ^  Cl  c? 

rO  e  rO 

OlOCMt^lOOOOOrHr-lC<lI^O.-HtDpp'^P'^pppr|-l 

+  6q  +  hfirLoo  +  +  +  +  o  +  +  +  Ai>.'^(L  +  4jhfi  +  + 

<X>'^r— 1  CMCOCOC<li— 1  IC<1T0'^I)O-^C0t— li— I'e^Ot^t^ 

1  1  1+  +  +  4  +  +  +  +  +  +  +  +  +  +  +  +I  1  1  1  1 

Astronomical 

time. 

oOrH01CO'^iO)COI>-OOa50rH03COTf<xOCDl>«OOO^OrH03CO 
jn-j  rH  rH  rH  rH  rH  ^H  rH  rH  rH  rH  03  03  03  03 
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If  we,  then,  take  it  as  proved  that  the  primary  cause  of  the  variation  comes  to  us 
from  outside  the  Earth’s  surface,  we  are  led  to  consider  that  a  varying  magnetic 
potential  must  cause  induced  currents  within  the  Earth,  if  that  body  is  a  sufficiently 
good  conductor.  These  induced  currents  might  be  the  cause  of  the  apparent  reduction 
in  amplitude.  As  my  colleague.  Professor  Lamb,  had  given  considerable  attention  to 
the  problem  of  currents  inside  a  conducting  sphere,  I  consulted  him,  and  he  gave  me 
the  formulse  by  means  of  which  the  induced  currents  can  be  calculated.  His  investi¬ 
gation  is  added  as  an  Appendix  to  this  paper. 


V.  Discussion  of  effects  clue  to  Currents  Induced  in  the  Inside  of  the  Earth. 

I  shall  assume,  then,  for  the  present,  that  there  is  a  periodic  magnetic  disturbance 
having  its  cause  outside  the  Earth,  and  being  probably  due  to  electric  currents  in  our 
atmosphere.  Currents  will  be  induced  within  the  Earth,  and  we  must  now  discuss 
what  the  effect  of  these  currents  will  be,  and  whether  they  will  account  for  the  reduc¬ 
tion  in  amplitude  of  the  vertical  forces  which  the  observations  show. 

The  varying  potential  can  be  expressed  as  a  sum  of  terms  of  the  form 

cos  -f  X), 

where  O  is  a  solid  harmonic  of  degree  n.  Professor  Lamb’s  formulse  allow  us  to 
calculate  for  each  value  of  n,  and  for  each  value  of  p,  the  magnetic  effect  due  to  the 
induced  currents,  on  the  supposition  that  the  specific  resistance  p  of  the  Earth  is 
uniform.  The  forces  due  to  these  currents  will  have  a  different  amplitude  and  a 
different  phase  from  the  original  forces,  and  it  is  the  resultant  effect  which  we  observe 
in  the  diurnal  variations.  The  general  effect  will  be  to  increase  the  horizontal  com¬ 
ponents  and  to  diminish  the  vertical  component.  The  difference  of  phase  will  be  the 
same  for  all  components,  provided  we  give  a  different  sign  to  the  amplitude  of  the 
vertical  components  of  the  inside  and  outside  currents  respectively.  Otherwise  the 
difference  of  phase  of  the  vertical  component  will  be  greater  by  two  right  angles  than 
the  difference  of  phase  off  the  horizontal  components. 

If  one  of  the  horizontal  forces  and  the  vertical  force  due  to  the  solid  harmonic  of 
positive  degree  n  are  written 

a  cos  (pt  -{■  X)  and  b  cos  {pt  X  -j-  e), 

the  corresponding  components  due  to  the  induced  potential  of  negative  degree  will  be 
of  the  form 

c'a  cos  {pt  -b  X  -j-  a)  and  ch  cos  {pt  -f-  X  -|-  e  -p  a). 

Table  XX.  gives  the  coefficients  c',  c,  and  a  for  given  values  of  the  specific  resis¬ 
tance  p,  if  n  =  2.  The  value  of  S  has  the  same  meaning  as  in  Professor  Lamb’s 
paper,  and  is  connected  with  p  by  tbe  equation 

p8  =  47rpR^ 
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where  p  is  equal  to  and  m  is  equal  to  1  for  the  diurnal  variation,  and  equal  to 

2  for  the  semidiurnal  variation. 

Table  XXL  gives  the  same  quantities  for  n  =■  4. 

An  example  may  render  the  use  of  the  Table  more  intelligible.  Let  the  Earth,  for 
instance,  have  a  uniform  specific  resistance,  which  in  C.G.S.  units  is  1'23  X  10^®,  and 
consider  that  term  of  the  magnetic  potential  which,  on  the  surface  of  the  Earth,  has 

the  form  .  . 

A  sm  u  cos  u  cos  > 

where  T  is  the  time  of  the  revolution  of  the  Earth.  This  term  alone  represents 
fairly  well  the  characteristic  features  of  the  diurnal  variation.  Here,  as  n  =  2,  we 
may  use  Table  XX.  The  value  of  S  corresponding  to  the  assumed  resistance  is  30) 
and  we  find  c  =  —  ‘5  approximately,  which  means  that  the  vertical  force  due  to  the 
induced  currents  has  half  the  amplitude  of  the  vertical  force  due  to  the  primary 
currents ;  also,  the  difference  in  phase  is  41°;  as  the  sign  of  the  amplitude  is  changed, 
this  means  that  the  minimum  of  the  vertical  force  due  to  induced  currents  takes  place 
not  quite  three  hours  after  the  maximum  of  the  corresponding  primary  force.  Similarly 
the  horizontal  force  due  to  the  inside  current  is  only  one-third  of  the  corresponding 
horizontal  force  due  to  the  outside  potential,  and  here  the  maximum  due  to  the 
secondary  currents  takes  place  nearly  three  hours  after  the  maximum  due  to  the 
secondary  currents.  To  get  similar  numbers  for  the  semidiurnal  variation  we  should 
have  to  put  m  =  2,  and  find  c,  c,  and  a  for  8  =  60,  because  p  =  1'23  X  10^® 
—  2  X  6T5  X  10^^,  and  looking  up  6T5  X  10^^  in  the  last  column  we  should  find  the 
corresponding  number  in  the  first  column  to  be  60. 


Table  XX. — Comparison  of  the  magnetic  forces  due  to  a  system  of  varying  electric 
currents  outside  the  Earth,  with  the  forces  due  to  the  currents  induced  mside 
the  Earth,  n  =  2. 


d. 

c. 

Ratio  of  normal 
forces  due  to 
secondary  and  primary 
variation. 

c'. 

Ratio  of  tangential 
forces  due  to 
secondary  and  primary 
variation. 

a. 

Difference  of  phase. 

Corresponding  value  of  p. 

1 

-  -02854 

+  -01903 

87  27i 

3-70  X  10^^  X  m. 

2 

•05688 

•03792 

84  65| 

1-85  X  101^ 

3 

•08484 

•05656 

82  25 

1-23  X  101^ 

4 

•11226 

•07484 

79  57 

9-25  X  1013 

5 

•13895 

•09263 

77  32i 

7-40  X  1013 

6 

•16479 

•10986 

75  lOi 

6-17  X  1013 

7 

•18968 

•12645 

72  53 

5-29  X  1013 

8 

•21354 

•14236 

70  41 

4-63  X  1013 

9 

•23633 

•15755 

68  32 

4-11  X  1013 

10 

•25799 

•17199 

66  29 

3-70  X  1013 

20 

•41771 

•27847 

60  32 

1-85  X  1013 

30 

•50520 

•33680 

41  03 

1-23  X  1013 

40 

•56158 

•37439 

35  11 

9-25  X  1012 

60 

•59864 

•39909 

31  11 

7-40  X  1012 

100 

•69949 

•46632 

21  33 

3-70  X  1012 
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Table  XXL — Comparison  of  the  magnetic  force  due  to  a  varying  potential  repre¬ 
sented  by  a  solid  harmonic  of  degree  4  with  the  corresponding  forces  due  to 
currents  induced  inside  the  Earth. 


s. 

c. 

Eatio  of  normal 
forces  due  to 
secondary  and  primary 
variation. 

c'. 

Ratio  of  tangential 
forces  due  to 
secondary  and  primary 
variation. 

a. 

Difference  of  phase. 

Corresponding  value  of  p. 

I 

-  -0101 

4-  •0081 

8°9  01 

3-70  X  10^1  X  m. 

10 

•0992 

•0794 

80  21 

3-70  X  1013 

100 

•5149 

•4119 

37  50 

3-70  X  1012 

Tables  XX.  and  XXL  cannot,  however,  be  used  to  compare  our  calculated  and 
observed  results,  but  form  only  an  intermediate  step. 

We  observe  on  the  Earth  the  resultant  of  the  outside  and  inside  effect,  and  we 
have  calculated  the  vertical  force  on  the  assumption  that  the  whole  horizontal  force 
is  due  to  outside  effect. 

In  hg.  11,  let  OH^  represent  that  part  of  the  horizontal  force  which  is  due  to  the 


Fig.  11. 


outside  effect,  and  OHg  the  corresponding  force  in  phase  and  amplitude  which  is  due 
to  the  induced  effect.  The  observed  horizontal  force  will  be  the  resultant  OK.  Let 
OV^  be  the  magnitude  of  the  vertical  force  due  to  the  outside  currents,  and  OV3  the 
vertical  force  in  phase  and  amplitude  due  to  the  induced  effect.  The  observed 
vertical  force  will  be  ON.  If  we  calculate  the  vertical  force  on  the  assumption  that 
the  resultant  OK  is  due  entirely  to  the  outside,  we  should  obtain  a  force  OK,  such 
that  OK  :  OK  ;  :  OV^  :  OHj.  Our  calculated  value  of  vertical  force  will  be  OK,  and 
our  observed  value  ON.  We  require  the  ratio  of  lengths  of  these  lines  and  the  angle 
between  them. 

MDCCCLXXXIX. - A.  -3  S 
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In  the  triangle  ONE,  we  know,  from  Table  XX.,  the  ratios 


also  the  angle 

o 


Write 


ViE  :  OY,  =  HiK  :  OH^  =  OH3  ;  OH^  =  c, 
V,N  :  OYi  =  OV3  :  OVi  =  c, 

NV^O  =  YiOH^  =  a. 

NOYi  =  6» ;  EOY^  =  9' ;  ONY^  =  ;  OEY^  =  f . 


The  triangles  OY^^N  and  OY^E  give  ns  the  equations 

tan  h  {<fi-  9)  =  ^  cot  ^  ^ 

tan  I  (cj)'  -  9')  =  tan  ^  . 

(<^  +  6')  =  77  —  a, 

(</>'  +  O')  =  a. 


These  equations  determine  9  and  & ,  and  hence  the  required  angle  y  =  9  9'  also 

OE  :  ON  =  sin  ^  :  sin  (j)\ 

In  Table  XXII.  the  angle  y  and  the  ratio  ON  :  OE  :  =  r  have  been  calculated 
for  n  =  2.  Table  XXIII.  gives  the  corresponding  quantities  if  the  indueing  solid 
harmonic  is  of  degree  4. 


Table  XXII. — Comparison  between  resultant  vertical  force  as  regards  magnitude  and 
phase  when  induced  currents  are  taken  into  account  and  vertical  force  calculated 
on  the  assumption  that  the  whole  is  due  to  an  outside  effect.  The  inducing 
potential  is  a  solid  harmonic  of  degree  2. 


d. 

Eediiction  in 
amplitude. 

r. 

Change  of  phase. 

7- 

1^- 

1 

•9981 

2  43 

3-70  X  lOit 

5 

•9565 

13  02 

7-40  X  1013 

10 

•8589 

23  10 

3-70  X  1013  j 

20 

•6705 

34  03 

1-85  X  1013 

30 

•5510 

38  12 

1-23  X  1013 

40 

•4762 

40  16 

9-25  X  1013 

50 

•4261 

41  10 

7-40  X  1013 

100 

•3004 

43  08 

3-70  X  1012 
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Table  XXIII. — Comparison  betM^een  resultant  vertical  force,  as  regards  magnitude 
and  direction  when  induced  currents  are  taken  into  account,  and  vertical  force 
calcidated  on  the  assumption  that  the  whole  is  due  to  an  outside  effect.  The 
inducing  potential  is  a  solid  harmonic  of  degree  4. 


a. 

Reduction  in 
amplitude. 

Cliange  of  phase. 

!>■ 

1 

•9997 

0  1 

1  06 

3-70  X  1014 

10 

•9723 

10  06 

3-70  X  1013 

100 

•4982 

38  49 

3-70  X  1013 

The  observed  amplitude  of  the  vertical  force  at  Lisbon  is  about  one  half  of  its  cal¬ 
culated  value.  If  the  conductivity  of  the  Earth  was  such  as  to  produce  this  reduction 
in  amplitude,  it  is  seen  from  Tables  XXII.  and  XXIII.  that  the  phase  would  be  altered 
about  40°,  while  in  reality  there  is  a  remarkable  agreement  in  phase.  If  the  con¬ 
ductivity  is  so  small  as  to  leave  the  resultant  phase  practically  unaltered,  as  observation 
tends  to  show,  the  amplitude  also  should  not  be  sensibly  altered.  There  is,  therefore, 
no  uniform  conductivity  of  the  Earth  which  can  make  the  observations  agree  with 
the  calculation.  Such  an  agreement,  however,  can  be  easily  brought  about,  as 
Professor  Lamb  has  suggested  to  me,  if  the  conductivity  of  the  inside  of  the  Earth  is 
larger  than  the  conductivity  of  the  ujoper  layers.  It  is  extremely  probable  that  this 
is  really  the  case.  The  bulk  of  the  outside  layer  of  the  Earth,  except  in  so  far  as  it  is 
water,  is  made  up  of  material  which  in  its  ordinary  condition  is  non-conducting  ;  but  we 
know  that  some  of  the  silicates  begin  to  conduct  at  temperatures  above  200°  C.,  and, 
generally  speaking,  insulators  lose  their  insulating  powers  at  high  temperatures.  With¬ 
out  regard  even  to  the  quantities  of  metallic  matter  that  may  be  stored  inside  the  Earth, 
there  is  nothiug  improbable  in  the  supposition  that  its  conductivity  increases  towards 
the  inside.  If  the  bulk  of  the  observed  induced  effect  is  due  to  currents  in  a  fairly 
conducting  inner  sphere, 'the  calculated  phase  would  be  that  due  to  good  conducting 
matter,  and  would  not  differ  from  the  observed  value,  while  the  reduction  in  amplitude 
might  yet  be  sufficient  to  account  for  the  observed  facts.  In  order  to  give  a  better 
idea  of  the  kind  of  conductivity  which  is  required  to  produce  a  certain  change  of 
phase,  it  may  be  stated  that  for  the  purest  distilled  water  obtained  by  Kohlrausch 
p  would  be  about  1'4  X  10^®.  Such  w'ater  is,  as  is  well  known,  a  very  bad  conductor, 
and,  according  to  our  Tables,  if  the  whole  Earth  wms  made  up  of  matter  which  cond  ucts 
as  badly,  there  would  be  no  currents  in  the  Earth  induced  by  the  diurnal  variation  of 
sufficient  intensity  to  affect  our  magnetic  needle  sensibly.  Ordinary  rain  water,  how¬ 
ever,  has  a  specific  resistance  of  about  6  X  10-®.  A  conducting  sphere  of  the  same 
resistance  would  already  produce  a  retardation  in  phase  of  about  an  hour  for  the 
diurnal  variation  if  the  solid  harmonic  is  of  degree  2.  For  salt  water  the  resistance 

3  s  2 
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may  get  as  low  as  4  X  10®.  A  whole  sphere  made  up  of  such  water  would  very 
considerably  reduce  the  amplitude  of  the  observed  vertical  force,  and  alter  the 
resultant  phase  by  45°  nearly.  The  average  conductivity  of  the  Earth,  as  seen  from 
these  examples,  must  he  small,  although  it  may  be  considerable  over  limited  areas. 
Such  limited  areas  would  principally  affect  the  harmonic  terms  of  higher  degrees,  and 
we  should  not  consequently  expect  for  them  such  a  good  agreement  between  theory 
and  observation.  Table  XXII.  shows  that  as  the  resistance  of  the  snhere  diminishes 

X 

the  retardation  of  the  resultant  phase  seems  to  approach  a  constant  value  of  45°. 
This  can  be  proved  to  be  quite  generally  the  case.  It  follows  directly  from  a  formula 
given  by  Professor  Lamb  in  the  Appendix,  and  can  also  be  seen  as  follows  : — When 
the  conductivity  is  good  the  angle  between  OHo  and  OHj^  in  fig.  11  will  steadily 
diminish,  and  ultimately  vanish.  OK  will  ultimately  coincide  with  OH^,  and  OR 
with  OV;^ ;  but  the  angle  between  OV3  and  OV;^  will  increase  towards  180°,  and  the 
sides  will  tend  towards  equality.  Two  very  nearly  equal  and  very  nearly  opposite 
forces  may  have  a  resultant  which  is  inclined  by  a  finite  angle  to  the  forces.  To  find 
the  angle  in  the  limit  between  OV^  and  OV3  we  deduce,  in  the  first  place,  an  expres¬ 
sion  for  the  ratio  of  the  vertical  force  due  to  the  outside  effect  to  the  vertical  force 
due  to  induced  currents  for  good  conductivities. 

This  ratio  depends,  as  shown  by  Professor  Lamb,  on  the  function 


(fcR)  where  /c“  = 


47rpi 


and 


If  n  is  odd, 
d  \« 


Ycix) 


sinh  ^  = 


cosh^  n.n  -H  1  siuli^  n  —  l.n.oi  -f  l.%  +  2  cosh  ^ 


n  + 1 


2 


n  + 


2  "f* 


!  4:  ^ 

{n  —2)  ..  .  (n  +  3)  sinh  f 
2.4.6 


If  71  is  even,  we  must  interchange  sinh  ^  and  cosh 

If  C  is  larger,  so  that  e~^  can  be  neglected,  compared  to  e^,  cosh  {  =  sinh  ^  =  e^,  and 


OT>o 


2n  +  l.{2n  +  3)  (/cE) 

which  is  the  ratio  of  the  vertical  forces  due  to  the  induced  and  inducing  potential 
will  become 


n  +  l.n  +  2 


n.71  +  1.71  -t-  2.71  +  3 


..  .  /o./o  T  J-.IO  T  ^.Ity  -\  ^  P— ^ 

j  4  "T  2  4  ^  ‘  ‘ 


1  — 


71  —  1.71 


—  2.71  —  1.71.71  -f-  1 


... 


2.4 
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where 


P 

^  ,  and  —  i)  =  (cos  J 


.  .  TT 

I  Sin  — 
■i 


Generally  in  the  above  expansion  we  may  put  therefore 


^  ?  —  3  !?/3  (qqq  j  . 


so  that  the  ratio  of  the  vertical  forces  will  be 


where 

X  =  1  - 


X  + 

X'  +  iY'  ’ 

n  +  l.?i  +2  TT  (v_i  ,  n.n  +  l.n  +  2.n  +  3  27r 

- z - COS  7  §  “  +  - _  XI 


2.4 


cos  —  8' 

4 


{n  —  1)  .  .  .  {n  +  A)  ‘6'it 

- 2X6 -  ^  ■’ 

,,  11  +  \.n  +  2  .  TT  cv  i  +  2.71  +  3  .  27r 

Y  = - - -  sin  -  b  - —7 - sin  — -  d  ^ 

2  4  2.4  4 

(9.  -  1)  .  .  ■  {11  +  4)  ^ 

^  2.4.6  4  ’ 

xr/  ,  71  —  l.■?^  TT  cv  1  .  a  —  2.71  —  1.71.91  +  1  27r  ~  , 

X=l--2-cos-  8-^+ - — - cos-  8  1-..., 

-ry,  91  —  1.91  .77  p,  j  91  —  2.91  —  1.91.91  +  1  .  277  .  , 

Y  =  2  sin  -  8-’ - ^ - sin  ^  8  1  +  .  .  . 


The  ratio  of  the  amplitudes,  if  8  is  large,  becomes 


x/(X^  +  Y^) 

^(X'3  +  Y'2) 


=  1  -(291+  1)(28)-+ 


and  the  angle  between  the  two  vertical  forces 

tan“i  ^  —  tan“i^,  =  (291  +  1)  (28)““ . 

The  resultant  of  these  two  forces,  resolved  in  a  direction  parallel  to  either  of  them, 
is  therefore  equal  to  the  component  which  is  at  right  angles,  and  the  resultant  will 
consequently  be  at  an  inclination  of  45°. 


502 


PROFESSOR  A.  SCHUSTER  ON  THE  DIURNAL 


The  result 'will  not  hold,  of  course,  if  conduction  in  the  Earth’s  crust  takes  place 
chiefly  at  some  distance  below  the  surface,  as  in  that  case  the  vertical  force  due  to  the 
induced  currents  will  not  tend  to  become  equal  to  the  vertical  force  due  to  the 
primary  variation.  For  a  bad  conductivity  we  shall  always  have  a  resultant  vertical 
force  sensibly  equal  to  the  primary  force.  If  the  conductivity  increases,  the  resultant 
will  have  a  different  phase  from  the  primary  variation,  tending  towards  a  difference 
of  45°,  if  the  conductivity  is  uniform.  If  the  conductivity  is  not  uniform,  a  maximum 
difference  of  phase  will  be  reached,  which,  if  the  conductivity  is  still  further  increased, 
diminishes  indefinitely. 


VI.  The  Magnetic  Potential  on  the  Surface  of  the  Earth. 

As  it  seemed  interesting  to  trace  the  equipotential  lines  on  the  surface  of  the  Earth 
as  far  as  they  depend  on  tlie  diurnal  variation,  I  have  calculated  the  potential  from 
the  equations  [A]  and  [BJ. 

It  is  necessary,  for  this  purpose,  to  compute  the  tesseral  harmonics  for  definite 
points  on  the  Earth’s  surface.  It  would  seem  most  natural  to  choose  these  points,  so 
that  they  lie  on  equidistant  circles  of  latitudes,  but  as  tables"”"  exist  for  the  zonal 
harmonics  in  terms  of  the  cosine  of  the  colatitude,  I  have  selected  values  of  these 
cosines  so  that  the  corresponding  angles  should  differ  as  nearly  as  possible  by  10°. 

The  values  of  u  and  jx  —  cos  u,  for  which  the  potential  is  computed  on  the  N orthern 
hemisphere,  are  given  in  Table  XXIV.,  u  being  the  colatitude. 


Table  XXIV. 


li  =  cosu=  *98  *94  ’87 

u=  11°  29'  19^57'  29°  32' 


•77  -64  -50  -34  *17 

39°  39'  50°  12'  60°  00'  70°  07'  80°  13' 


•00 

90°  00' 


Symmetrical  circles  of  latitude  were  taken  on  the  Southern  hemisphere. 

Taking  from  Mr.  Glaisher’s  Table  the  values  of  corresponding  to  each  of  the 
above  values  of  /r,  we  obtain  the  differential  coefficients  of  zonal  harmonics  by  a 
successive  application  of  the  formula 


(tPi  _  (/V-o 

dfX  (IfM 


=  (2^  -  1)  P,_,. 


The  first  and  second  difterential  coefficients  thus  calculated  are  given  in  Tables 
XXV.  and  XXVI. 


*  ‘Report  of  the  Rritish  Association  ’  (Sheffield,  1879). 


Table  XX V^.  — Values  of  where  Pj  is  the  zonal  harmonic  of  degree  i  and  yu,  the  cosine  of  the  colatitude. 


VARIATION  OF  TERRESTRIAL  MAGNETISM 


503 


1 

o 

o 

o 

o 

lO 

o 

rH 

o 

O 

o 

o 

Dr 

o 

00 

1  ^ 

o 

o 

lO 

o 

00 

o 

rH 

1 

1— 1 

o 

rH 

o 

rH 

o 

CCl 

+ 

1 

+ 

1 

o 

o 

xO 

rH 

lO 

CO 

oi 

inI 

o 

?-H 

00 

ax 

xO 

CO 

o 

iO 

CM 

rH 

rH 

00 

CO 

o 

o 

rH 

rH 

rH 

rH 

o 

+ 

+ 

1 

1 

+ 

+ 

1 

o 

o 

IC 

XO 

XO 

o 

cc 

o 

G<3 

CO 

CO 

CO 

XO 

CO 

o 

O 

CO 

00 

CO 

XN. 

o 

o 

rH 

rH 

o 

rH 

o 

r-f 

CM 

+ 

+ 

+ 

1 

1 

4- 

4- 

o 

o 

xO 

ax 

CO 

OX 

CO 

• 

o 

o 

JN. 

lO 

CM 

CO 

Dr 

o 

CO 

xO 

XO 

CX 

o 

rH 

rH 

o 

rH 

6a 

o 

rH 

+ 

+ 

+ 

1 

1 

1 

4- 

o 

o 

o 

xO 

CO 

CO 

00 

CO 

o 

r>\ 

Dr 

rH 

J>. 

oi 

o 

xO 

ca 

<M 

05 

o 

rH 

Ah 

rH 

o 

CM 

rH 

+ 

+ 

+ 

1 

1 

1 

1 

1 

o 

o 

xiO 

(M 

xO 

Dr 

o 

rH 

rH 

xO 

CX 

Dr 

h: 

o 

CO 

ax 

Ol 

rH 

CO 

o 

r— * 

6a 

6a 

o 

CM 

+ 

+ 

+ 

4- 

+ 

1 

1 

O 

o 

xO 

(M 

rH 

o 

1 

00 

o 

rH 

ox 

CO 

CO 

Dr 

o 

CO 

rH 

OX 

XO 

rH 

1  o 

rH 

A? 

6a 

o 

+ 

4- 

+ 

4- 

+ 

+ 

I 

o 

o 

tO 

oa 

CX) 

CO 

CO 

o 

Ol 

(M 

CO 

rH 

CX 

OX 

o 

00 

rH 

CO 

fH 

ck 

xb 

r>. 

OX 

o 

o 

•—I 

rH 

+ 

+ 

+ 

+ 

4- 

+ 

4- 

' 

o 

o 

XO 

rH 

o 

rH 

CO 

00 

O 

o 

(M 

oo 

o 

o;> 

IN. 

rH 

ox 

o 

o 

rH 

lb 

OX 

(M 

rH 

rH 

CX 

+ 

+ 

4- 

4- 

4- 

+ 

+ 

1 

o 

o 

o 

o 

o 

o 

o 

1  /— ^ 

o 

o 

o 

o 

o 

o 

o 

1  o 

o 

o 

o 

o 

o 

o 

o 

rH 

CO 

i 

o 

xb 

rH 

00 

rH 

rH 

CM 

CJ 

+ 

+ 

+ 

4- 

+ 

+ 

4- 

II 

5, 

1  ^ 

pL|  ^ 

H-I  , 

P-l 

1^1-^ 

<^14- 

^14' 

504 


PROFESSOR  A.  SCHUSTER  ON  THE  DIURNAL 


o 

o 

o 

o 

1-0 

o 

o 

o 

o 

O 

o 

oi 

o 

C5 

o 

o 

o 

lO 

o 

i-H 

o 

i-O 

o 

6o 

6 

o 

cb 

i-H 

o 

05 

+ 

1 

+ 

1 

o 

o 

lO 

05 

o 

05 

o  ! 

o 

iC 

05 

o 

o 

lO 

CO 

o 

UO 

05 

CM 

o 

00 

CO 

o 

cb 

lb 

bo 

cb 

lb 

I-H 

cc 

1  • 

+ 

1 

1 

+ 

+ 

1 

o 

o 

lO 

o 

o 

C5 

1 

1 

o  ! 

o 

o 

CO 

CO 

CM 

CO 

o 

tH 

(X» 

O  j 

Ci 

CO 

>b 

r— ' 

bo 

03 

fH 

OI 

+ 

+ 

1 

1 

1 

+ 

+  1 

o 

o 

lO 

rH 

rH 

00 

1 

o 

o 

(M 

CO 

CO 

CM 

CO 

lO 

o 

i-0) 

lO 

1-0) 

00 

05 

cb 

lb 

■i) 

bo 

cb 

o 

1-H 

1-H  1 

+ 

4- 

+ 

1 

1 

1 

+  1 

o 

o 

o 

lO 

CO 

CO 

o 

o 

o 

05 

CO 

T—i 

C5 

CO 

o 

05 

CO 

o 

1-0 

1 

CO 

CO 

1^ 

rH 

o 

03 

CO 

CO 

+ 

+ 

+ 

+ 

1 

1 

1 

o 

o 

lO 

00 

o 

JN. 

o 

o 

1-0 

r— 1 

liO 

cci 

05 

C5  1 

o 

lO 

O 

'^1 

CO 

(M 

C5  ' 

cb 

1— 1 

CO 

lb 

o 

i 

t— 4 

05 

CO 

(M 

CO 

+ 

+ 

+ 

+ 

+ 

+ 

1 

o 

o 

o 

CO 

CO 

o 

lO 

CM 

Ol 

o 

03 

lO) 

00 

o 

o 

G<I 

o 

lo 

00 

CO 

cb 

bi 

bo 

(M 

CO 

05 

CO 

1-0 

00 

05 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

o 

o 

lO 

00 

CO 

CO 

00 

o 

o 

!>. 

CO 

00 

CO 

o 

1-H 

00 

00 

CO 

o:> 

CO 

Pp 

00 

bi 

IN. 

do 

CO 

00 

1-H 

05 

03 

03 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

o 

o 

lO 

05 

03 

o 

o 

CO 

00 

00 

03 

IN. 

00 

o 

05 

!>. 

I> 

CO 

Ci 

cb 

cb 

lb 

00 

o 

05 

00 

nH 

o 

r-H 

CO 

o 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

CO 

lb 

lb 

lb 

o 

00 

o 

rH 

o 

CO 

(M 

CO 

CD 

4- 

4- 

“f- 

_u 

+ 

+ 

II 

•^1 

cc| 

ph  !  p’ 

pTk’ 

p4  -S' 
1^ 

PTI 

p^  c 

VARIATION  OF  TERRESTRIAL  MAGNETISM. 


505 


Introducing  these  quantities  in  the  equations  for  the  potential,  and  taking  proper 
account  of  the  change  of  sign  of  p,  in  the  Southern  hemisphere,  I  have  obtained 
Table  XXVII.,  in  which  the  potentials  are  given  for  24  equidistant  meridian  circles. 
In  order  to  reproduce  the  daily  variations,  we  must  imagine  the  whole  system  of 
equipotential  lines  to  revolve  round  the  Earth  from  East  to  West;  the  time  for  which 
the  potential  is  given  is  mean  noon  for  the  zero  meridian.  It  will  be  remembered 
that  the  equations  for  the  potential  have  been  derived  from  the  mean  summer  values 
in  the  Northern,  and  mean  winter  values  in  the  Southern  hemisphere.  If  we  want 
to  get  a  symmetrical  potential  in  both  hemispheres,  we  must  take  the  average  varia¬ 
tion  for  the  whole  year,  or,  what  comes  to  the  same  thing,  we  ma.y  in  Table  XXVII. 
write  down  the  mean  values  for  two  corresponding  circles  of  latitude,  one  in  each 
hemisphere.  This  has  been  done  in  Table  XXVIIL,  where  the  values  are  only  given 
for  the  Northern  hemisphere.  The  mean  equipotential  lines  for  the  year  are  drawn 
in  fig.  12.  If  we  imagine  the  variable  part  of  the  magnetic  force  to  be  produced  by 
a  system  of  surface  currents  in  a  conducting  sphere  concentric  with  the  Earth,  and 
surrounding  it,  we  may,  if  the  potential  is  known,  calculate  the  distribution  of  the 
lines  of  flow. 

If  the  magnetic  surface  potential  is  of  the  form  H,;,  when  fl,;  is  a  harmonic  of  degree  n, 
the  current  function  (f)„  is  given  by 

AttcP,,  =  — 

so  that  the  lines  of  flow  are  the  same  as  the  equipotential  lines.  This  is  no  longer 
true  when  the  magnetic  potential  is  made  up  of  a  number  of  terms  corresponding  to 
harmonics  of  different  degrees,  for  the  factor  (2n  +  l)[[n  1)  will  vary  for  different 

terms,  and  the  resultant  current  function  will  therefore  no  longer  be  proportional  to 
the  resultant  magnetic  potential. 

In  our  own  case,  taking  the  mean  values  for  the  whole  year,  the  series  begins  with 
11.2,  fh©  factor  (2?r  -j-  l)l{n  +  1)  will  vary,  therefore,  only  between  5/3  and  2.  We 
may  then,  as  an  approximation,  still  take  the  ecjuipotential  lines  to  give  us  the  general 
form  of  the  lines  of  flow.  We  conclude  that  we  may  imagine  the  daily  variation 
of  the  Earth’s  magnetic  force  to  be  produced  by  a  system  of  electric  currents  in  a 
sphere  surrounding  the  Earth,  in  which  the  lines  of  flow  are  roughly  represented  in 
fig.  12,  the  direction  being  such  that  at  longitude  60°  East  the  flow  is  away  from  the 
equator. 


*  Maxwell,  ‘  Electricity  and  Magnetism,’  vol.  2,  p.  281. 
MDCCCLXXXIX.  —  A.  3t 
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Table  XXVII. — Values  of  the  variable  part  of  the  magnetic  potential  on  the 
cosine  of  the  colatitucle)  and  24  equidistant  meridian  circles,  reckoned  from 
is  that  of  the  mean  summer  months.  The  time  is  Greenwich  noon. 
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cos  u. 

X  =  0. 
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30. 

45. 
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90. 
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-t 

•87 

-135-2 

-106-9 

— 

69-5 

-28-8 

+  9-1 

+  40-3 

+ 

62-3 

+  75-3 

+  81-3 

+ 

83-2 

+  84-1 

+ 

•77 

-212-4 

-171-6 

— 

113-3 

-47-0 

+  17-0 

+  70-3 

+  107-6 

+  127-7 

+  133-4 

+  129-6 

+  122-5 

-t 

■64 

-247-3 

-197-5 

— 

126-4 

-45-9 

+  30-7 

+  93-0 

+  134-2 

+  153-2 

“h  153*  / 

+  143-1 

+  129-6 

+ 

•50 

—  221-2 

-167-3 

— 

96-3 

-21-2 

+  46-1 

+  96-3 

+  125-3 

+  133-7 

+  127-3 

+  114-6 

+  103-3 

•34 

-158-1 

-105-7 

— 

46-3 

+  11-8 

+  56-3 

+  83-4 

+ 

92-5 

+  88-0 

+  76-9 

+ 

67-0 

+  64-1 

+ 

•17 

-  93-5 

-  49-5 

— 

5-1 

+  31-2 

+  54-2 

+  62-4 

+ 

58-2 

+  47-2 

+  36-0 

+ 

30-8 

+  34-7 

00 

-  42-4 

-  13-4 

+ 

131 

+  32-2 

+  41-6 

+  41-5 

+ 

34-8 

+  24-9 

+  17-0 

+ 

14-4 

+  18-5 

— 

•17 

+  6-4 

+  17-1 

+ 

24-1 

+  26-8 

+  24-7 

+  19-6 

+ 

13-0 

+  6-8 

+  2-9 

+ 

1-4 

+  2-5 

— 

•34 

+  62-3 

+  56-2 

+ 

43-3 

+  26-3 

+  8-4 

-  7-1 

— 

18-5 

-  24-5 

-  26-0 

— 

24-5 

-  22-3 

— 

•50 

-i-111-2 

+  94-3 

+ 

65  6 

+  30-4 

-  5-2 

-35-6 

— 

56-7 

-  67-1 

-  67-2 

— 

61-0 

-  52-2 

— 

•64 

+  129-2 

+  107-8 

+ 

72'3 

+  28-1 

-17-3 

-56-7 

— 

84-9 

-  98-7 

-  98-9 

— 

88-7 

-  73-1 

— 

•77 

+  106-8 

+  85-4 

+ 

52-2 

+  11-7 

-29-7 

-65-9 

— 

92-1 

-105-1 

-104-9 

— 

93-9 

-  76-2 

— 

•87 

+  63-C 

+  44-2 

+ 

19-1 

-  9-2 

-37-2 

-61-1 

— 

78-0 

-  85-9 

-  84-8 

— 

76-5 

-  61-7 

— - 

•94 

+  26-3 

+  12-1 

— 

3-8 

-20-1 

-35-1 

-47-1 

— 

55-0 

-  58-1 

-  56-3 

— 

50-1 

-  40-4 

— 

•98 

+  8-6 

-  0-2 

— 

9-2 

-17-5 

-24-6 

-29-9 

— 

33-1 

-  33-7 

-  32-0 

— 

28-1 

-  22-2 

Table  XXVIII. — Values  of  the  variable  part  of  the  magnetic  potential  on  the 
cosine  of  the  colatitude)  and  24  equidistant  meridian  circles,  reckoned  from 
is  that  corresponding  to  the  mean  values  for  the  year.  The  time  is  Green- 


f.t  —  cos  M. 

\  =  0. 

15. 

30. 

45. 

60. 

75. 

90. 

105. 

120. 

135. 

150. 

•98 

-  15-1 

-  7-8 

-  0-1 

+  7-1 

+  13-1 

+  17-6 

+ 

20-5 

+  21-7 

+  21-8 

+  20-8 

+ 

19-0 

•94 

-  44-0 

-  29-3 

-  12-4 

+  4-7 

+  20-1 

+  32-1 

+ 

40-2 

+  44'4 

+  45-2 

+  43-7 

+ 

40-7 

•87 

-  99-1 

-  75-5 

-  44-3 

-  9-8 

+  23-1 

+  507 

+ 

70-1 

+  80'b 

+  83-0 

+  79-8 

+ 

72-9 

•77 

-159-6 

-128-5 

-  82-7 

-29-3 

+  23-3 

+  68-1 

+ 

99-8 

+  116-4 

+  119-1 

+  111-7 

+ 

99-3 

•64 

-188-2 

-152-6 

-  99-3 

-37-0 

+  24-0 

+  74-8 

+  109-5 

+  125-9 

+  126-3 

+  115-9 

+  101-3 

■50 

-166-2 

-130-8 

-  80-9 

-•25-8 

+  25-6 

+  65-9 

+ 

91-0 

+  100-4 

+  97-2 

+  87-8 

+ 

77-7 

■34 

-110-2 

-  80-9 

-  44-3 

-  7-2 

+  23-9 

+  45-2 

+ 

55-5 

+  56-2 

+  51-4 

+  45-7 

+ 

43-2 

■17 

-  49-9 

-  33-3 

-  14-6 

+  2-2 

+  14-7 

+  21-4 

+ 

22-6 

+  20-2 

+  16-5 

+  14-7 

+ 

16-1 

•00 

00-0 

00-0 

00-0 

00-0 

00-0 

00-0 

00-0 

00-0 

00-0 

00-0 

00-0 
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Earth’s  surface  for  17  latitude  circles  corresponding  to  different  values  of  p,  (the 
Greenwich  towards  the  East,  The  period  of  the  year  to  which  the  Table  refers 


165. 

180. 

195. 

210. 

2-25. 

240. 

255. 

270. 

285. 

300. 

315. 

.330. 

345. 

+ 

18-4 

+ 

20-3 

+ 

21-0 

+ 

19-7 

+ 

16-1 

+  10-2 

+  2-2 

-  6-5 

-15-0 

-  21-8 

-  26-3 

-  27-7 

-  26-0 

+ 

45-2 

+ 

48-8 

+ 

50-4 

+ 

48-4 

+ 

40-8 

+  27-5 

+  9-1 

-12-4 

-34-5 

-  53-9 

-  67-6 

-  73-6 

-  71-4 

+ 

85-7 

+ 

87-6 

+ 

98-3 

+ 

85-4 

+ 

74-2 

+  54-1 

+  23-0 

-14-7 

-56-7 

-  96-9 

-128-6 

-147-3 

-149-5 

+  116-6 

+  114-0 

+  113-4 

+  110-9 

+  101-0 

+  79-0 

+  41-9 

-  9-2 

-69-5 

-131-0 

-183-6 

-218-5 

-228-8 

+  119-7 

+  116-3 

+  118-2 

+  119-8 

+  113-9 

+  93-5 

+  54-4 

-  3-2 

-73-8 

-147-1 

-211-1 

-253  8 

-267-1 

+ 

98-9 

+  102-6 

+  111-1 

+  118-0 

+  114-2 

+  93-7 

+  53-7 

-  67 

-77-5 

-148-7 

-207-6 

-243-2 

-247-9 

+ 

70-7 

+ 

84-5 

+ 

99-9 

+  109-1 

+  104-4 

+  81-1 

+  38-4 

-18-9 

-82-2 

-140-7 

-183-2 

-201-5 

-192-5 

+ 

47-5 

+ 

64-9 

+ 

80-9 

+ 

88-3 

+ 

81-2 

+  57-4 

+  18-6 

-29-6 

-78-6 

-119-2 

-143-2 

-146-3 

-128-5 

+ 

27-8 

+ 

39-4 

+ 

48-6 

+ 

50-9 

+ 

43-4 

+  25-2 

-  1-1 

-31-5 

-60-1 

-  81-0 

-  90-0 

—  85-3 

-  68-2 

+ 

5-1 

+ 

7-4 

+ 

7-9 

+ 

5-1 

— 

08 

-  9-1 

-18-6 

-26-8 

-31-8 

-  321 

-  27-4 

-  18-1 

-  6-1 

21-4 

— 

22-7 

— 

26-6 

— 

31-5 

— 

35-5 

-36-2 

-31-7 

-21-1 

-  5-1 

+  14-2 

+  33-7 

+  50-1 

+  60-2 

— 

44-7 

— 

41-0 

— 

41-5 

— 

44-6 

— 

46-6 

-43-8 

-33-2 

-13-5 

+  14-2 

+  46-2 

+  77-2 

+  101-2 

+  113-5 

— 

57-2 

— 

45-0 

— 

38-2 

- 

35-7 

— 

.34-5 

-30-1 

-19-3 

+  0-7 

+  29-1 

+  62-3 

+  95-1 

+  120-5 

+  133-2 

— 

56-6 

— 

38-8 

— 

25  4 

— 

16-8 

— 

9-1 

-  1-9 

+  8-5 

+  24-1 

+  44-9 

+  68-5 

+  91-3 

+  107-8 

+  114-0 

— 

44-8 

— 

27-6 

— 

12-2 

+ 

0-9 

+ 

12-0 

+  22-0 

+  31-9 

+  42  6 

+  53-9 

+  64-8 

+  73-2 

+  76-8 

+  74-0 

— 

28-7 

— 

15-7 

— 

2-7 

+ 

9-4 

+ 

20-5 

+  29-9 

+  38-1 

+  44-4 

+  48-7 

+  50-7 

+  49-7 

+  45-6 

+  37-7 

— 

15-0 

— 

6‘8 

+ 

1-4 

+ 

9-6 

+ 

17-1 

+  23-4 

+  28-3 

+  31-3 

+  32-5 

+  31-6 

+  28-5 

+  23-4 

+  16-6 

Earth’s  surface  for  17  latitude 
Greenwich  towards  the  East, 
wich  noon. 


circles  corresponding  to  different  values  of  p  (the 
The  period  of  the  year  to  which  the  Table  refers 


165. 

180. 

195. 

210. 

225. 

240. 

255. 

270. 

285. 

300. 

315. 

330. 

345. 

+  16-7 

+  1.3-5 

+  9-8 

+  5-0 

-  0-5 

—  6-6 

-13-0 

-18-9 

-23-7 

-  26-7 

-  27-4 

-  25-5 

-  21-3 

+  3b*9 

+  32-2 

+  26-5 

+  19-5 

+  10-1 

-  1-2 

-14-5 

-28-4 

-41-6 

-  52-3 

—  58-6 

-  59-6 

-  54-5 

+  65-2 

+  57-6 

+  55-2 

+  42-2 

+  31-1 

+  16-0 

-  4-4 

-28-6 

-55-3 

-  80-8 

-100-9 

-112-0 

-111-7 

+  86-6 

+  76-4 

+  69-4 

+  63-8 

+  55-0 

+  40-4 

+  16-7 

-16-6 

-57-2 

-  99-7 

-137-4 

-163-1 

-171-4 

+  88-4 

+  80-6 

+  78-2 

+  77-7 

+  74-2 

+  61-8 

+  36-8 

-  1-9 

-51-4 

-104-7 

-153-1 

-187-1 

-200-1 

+  71-8 

+  71-8 

+  76-3 

4  81-3 

+  80-4 

+  68-7 

+  43-4 

+  3-4 

-45-8 

-  97-4 

-142-4 

-172-2 

-180-7 

+  46-0 

+  53-6 

+  63-2 

+  70-3 

+  69-9 

+  58-6 

+  35-0 

+  1-1 

-38-5 

-  77-4 

-108-4 

-1-25-8 

-1-26-3 

+  21-2 

+  28-7 

+  36-5 

+41-6 

+  41-0 

+  33-2 

+  18-6 

-  1-4 

-23-4 

-  43-5 

-  57-9 

-  64-1 

-  61-2 

00-0 

00-0 

00-0 

00-0 

00-0 

00-0 

00-0 

00-0 

00-0 

00-0 

00-0 

00-0 

00-0 
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VII.  Concluding  Remarks. 

Faraday,  in  the  year  1850,  discussed  the  diurnal  variation  of  the  magnetic  needle. 
He  showed  that  the  changes  which  took  place  during  daytime  could  be  accounted  for 
by  supposing  two  magnetic  poles — namely,  a  North  pole  in  the  Southern  hemisphere, 
and  a  South  pole  in  the  Northern  hemisphere — to  be  carried  round  with  the  Sun  in 
our  atmosphere.  A  glance  at  fig.  13  will  show  that  our  result  entirely  agrees  with 
Faraday’s.  The  proof  that  the  principal  part  of  the  Earth’s  magnetism  is  due  to 
causes  outside  its  surface  would  have  been  almost  as  complete  in  the  year  1850  as 
it  is  now,  if  Faraday  had  added  the  remark  that,  if  all  three  components  of  the 
variation  can  be  completely  accounted  for  by  hypothetical  changes  taking  place  outside 
the  Earth’s  surface,  they  cannot  be  accounted  for  by  changes  taking  place  in  the 
inside. 

I  cannot  agree,  however,  with  Faraday  in  the  ex23lanation  which  he  gives  of  the 
variation.  He  imagines  that  the  solar  radiation,  heating  uji  the  air,  produces  a 
sufficient  change  in  its  magnetic  permeability  to  account  for  the  observed  deflection 
of  the  lines  of  magnetic  force. 

The  magnetic  susceptibility  of  oxygen  at  the  atmospheric  pressure  and  temjDerature 
is  about  ‘5,  10“’^,  and  for  air  it  is  smaller  still.  This  would  give  the  magnetic  per¬ 
meability  as  1 '0000006.  If  the  air  was  entirely  removed  the  change  of  magnetic 
force  would  be  so  small  that  we  could  not  detect  it.  I  have  tried  in  various  ways  to 
find  how  a  partial  removal  of  the  atmosj^here  as  a  magnetic  medium  could  affect  the 
needle  in  any  appreciable  way,  but  have  failed  to  do  so.  Faraday  suggests  that  the 
oxygen  in  the  higher  regions  of  the  atmosphere  might,  owing  to  the  greater  cold,  be 
much  more  magnetic  than  what  we  observe  it  to  be.  But,  on  the  other  hand,  owing 
the  smaller  density,  the  permeability  would  be  diminished  ;  so  that  I  do  not  think  we 
are  at  present  justified  in  ascribing  any  material  part  of  the  daily  variation  to  a 
change  of  the  magnetic  2)ermeability  of  air  due  to  the  heating  effect  of  the  Sun.  The 
effect  of  the  Moon  suggests  a  tidal  action  as  the  cause,  and  we  may  inquire  whether 
such  a  tidal  action  could  produce  the  observed  effects.  The  late  Professor  Balfour 
Stewart  has  suggested  that  the  Earth’s  magnetic  force  might  induce  electric  currents 
in  the  convection  currents  which  flow  in  the  upper  regions  of  the  atmosj^here.  One 
difficulty  of  this  hypothesis  was  removed  by  an  experimental  investigation,  by  means 
of  which  I  have  proved  that  the  air  can  be  thrown  into  a  sensitive  state  in  which 
small  electromotive  forces  will  produce  sensible  electric  currents.  To  bring  the  air 
into  that  sensitive  state  it  is  only  necessary  to  send  an  electric  current  through  it 
from  some  indejiendent  source  of  high  potential.  It  is  very  likely  that  the  air  in  the 
upper  regions  of  our  atmos]Dhere  is  in  such  a  sensitive  state,  and  it  is  quite  possible, 
therefore,  that  the  induced  electric  currents  suggested  by  Professor  Balfour  Stewart 
really  exist. 

The  symmetry  of  the  diurnal  variation  in  both  hemispheres  shows  that,  if  it  is  due 
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to  the  assumed  cause,  the  vertical  component  of  the  magnetic  force  is  the  unportant 
factor,  as  that  component  changes  sign  on  crossing  the  magnetic  equator.  In  order 
that  electric  currents  should  be  induced  which  could  account  for  the  observed  move¬ 
ment  of  the  magnetic  needle,  it  is  only  necessary  to  imagine  convection  currents  m  the 
upper  regions  from  East  to  West  during  certain  parts  of  the  day,  and  from  West  to 
East  at  other  times.  Judging  from  the  analogy  of  the  theory  of  waves  in  shallow 
water,  a  horizontal  motion  of  considerable  velocity  might  be  produced  by  a  tidal  action 
due  to  solar  and  lunar  attraction.  It  is  true  that  no  periodic  change  of  the  barometer 
has  been  traced  with  certainty  to  a  tidal  action  ;  but  I  suppose  that  a  tidal  w'ave 
must  nevertheless  exist,  and  that  its  horizontal  flow  might  be  considerable,  while  the 
changes  of  pressure  might  escape  our  attention.  As  regards  the  effect  of  the  Sun  we 
have,  indeed,  a  daily  jieriod  of  the  barometer  which  is  probably  due  to  thermal 
effects.  It  is  curious  and  suggestive  that  the  horizontal  motion  which  must  accom¬ 
pany  the  change  in  pressure  is  just  such  as  would  account  for  the  daily  variation  of  the 
magnetic  needle.  In  the  tropics  the  principal  minimum  of  the  barometer  takes  place 
about  3.40  o’clock  in  the  afternoon,  and  the  principal  maximum  about  9  o’clock 
in  the  morning.  According  to  the  theory  of  waves,  there  would  be  a  horizontal 
movement  from  West  to  East  in  the  afternoon,  and  from  East  to  West  in  the  mornino-. 
The  direction  of  the  induced  electric  currents  would  be  away  from  the  equator  in  both 
hemispheres  in  the  afternoon,  and  towards  the  equator  in  the  morning.  This  is 
exactly  the  system  of  currents  we  have  been  led  to,  starting  from  the  observed 
magnetic  variation.  The  only  difficulty  I  feel  in  suggesting  that  the  cause  of  the 
diurnal  variation  of  the  magnetic  needle  is  the  diurnal  variation  of  the  barometer  lies 
in  the  fact  that  it  would  oblige  us  to  place  the  electric  currents  into  the  lower  regions 
of  the  atmosphere,  as  these  only  will  be  much  affected  by  the  thermal  radiation  of  the 
Sun.  The  phase  of  the  barometric  oscillation  has  been  found  to  be  reversed  on  the 
top  of  mountains,  and  it  wordd  be  interesting  to  see  whether  the  magnetic  variations 
show  any  peculiarities  at  great  heights.^" 

The  region  of  the  atmosphere  which  other  considerations  lead  me  to  consider  as  the 
most  sensitive  to  electromotive  forces  is  that  of  the  cirrus  clouds,  and  I  should  be 
inclined  to  look  to  that  region  for  a  solution  of  the  question.  The  lunar  action 
seems,  according  to  the  researches  of  Mr.  Chambers,  to  be  a  modification  of  the  solar 
action  rather  than  an  independent  effect.  This  might  be  accounted  for  if  we  suppose 
that  the  conductivity  of  the  air  depends  on  the  position  of  the  Sun,  while  the  electro¬ 
motive  forces  depend  on  the  combined  positions  of  the  Sun  and  Moon. 

*  [Hote  added  October  11,  1889. — Since  writing  tbe  above  I  have  become  acquainted  with  Hann’s 
recent  work  on  the  diurnal  oscillation  of  the  bai’ometer  (‘  Wien,  Deukschriften,’  vol.  55,  1889.)  It 
appears  from  the  regularity  of  the  semidiurnal  period  in  different  altitudes  and  latitudes  that  its  cause  must 
lie  in  atmospheric  movements  in  higher  regions  of  the  atmosphere.  The  reversal  of  phase  mentioned  in 
the  text  is  due  to  local  effects  and  has  nothing  to  do  with  the  regular  oscillation.  It  seems  to  be 
exceedingly  probable  in  the  light  of  these  researches  that  the  daily  variation  of  the  magnetic  needle  is 
connected  with  the  daily  oscillation  of  the  barometer  in  the  way  described  in  the  text.] 
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It  will  be  interesting  to  follow  out  in  future  researches  the  field  wliich  this  investi¬ 
gation  has  opened,  especially  in  order  to  trace  the  effect  of  the  Sunspot  variation  ;  but 
for  this  purpose  it  is  absolutely  necessary  that  different  observatories  should  follow  a 
more  uniform  plan  in  reducing  their  observations.  It  has  been  found  by  experience 
that  if  the  hourly  readings  of  the  magnetic  needle  are  collected  together,  and  their 
mean  taken,  that  mean  is  different  according  as  the  disturbed  days  are  taken  into 
account  or  rejected.  In  other  words,  the  disturbances  are  not  irregularly  distributed, 
but  have  a  daily  period  which  is  mixed  up  with  the  regular  daily  variation.  If  we 
want  to  separate  the  investigation  concerning  the  regular  variation  and  the  disturbance 
variation,  we  must  adopt  some  plan  of  obtaining  the  one  without  the  other.  I  need 
not  here  describe  Sabine’s  well-known  method  of  doing  this.  Grave  objections  have 
been  urged  against  it,  but  it  is  still  adopted  in  many  observatories.  A  discussion  of 
the  various  methods  of  reduction  which  have  been  proposed  will  be  found  in  recent 
Eeports  of  the  British  Association,  and  amongst  them  that  adopted  by  Mr.  Wild  at 
St.  Petersburg  seems  to  me  to  be  the  only  one  which  can  be  justified  on  strict  scientific 
principles.  It  consists  in  selecting  the  curves  for  the  quiet  days,  of  which  there  are 
always  a  sufficient  number  in  each  month,  and  not  to  take  account,  as  Sabine’s 
method  does,  of  any  reading  at  all  during  the  disturbed  days.  We  get  in  this  wmy 
something  perfectly  definite,  namely,  the  mean  variation  of  the  magnetic  needle 
during  certain  specified  days.  It  seems  to  me  that  if  the  heads  of  different  observa¬ 
tories  could  adopt  some  system  of  intercommunication,  by  which  they  could  select 
those  days  which  are  most  quiet  all  over  the  world,  and  if  the  elements  are  reduced 
for  those  days  solely  at  the  different  stations,  we  should  obtain  a  series  of  values  for 
different  points  of  the  Earth  which  are  strictly  comparable  with  each  other.  The 
labour  of  reduction,  as  far  as  I  can  judge,  would  thereby  be  seriously  diminished. 
The  method  hitherto  adopted  at  Greenwich  is  very  similar  to  that  of  Wild,  and  will 
not,  probably,  lead  to  results  which  are  sensibly  different. 

The  reduction  of  the  observations  by  spherical  harmonic  analysis  would  be  a  very 
simple  matter  according  to  the  method  which  I  have  followed,  if  the  results  of  different 
stations  were  published  in  a  manner  which  would  lend  itself  easily  to  the  wmrk.  The 
method  of  publication  adopted  at  Greenwich  is  very  convenient,  and  might  serve  as  a 
model  to  other  observatories.  Much  labour  is,  however,  involved  in  reducing  varia¬ 
tions  in  horizontal  force  and  declination  to  variations  in  force  towards  the  geographical 
West  and  North  respectively.  If  all  observatories  could  publish  the  coefficients  of  the 
harmonic  series  of  the  elements  as  at  Greenwich,  but  reduced  to  the  geographical 
instead  of  the  magnetic  co-ordinates,  the  progress  of  magnetic  science  wmuld  be  much 
assisted,  as  every  scientific  investigation  must  take  the  geographical  components  for 
its  starting  point. 

I  have  tried  to  form  an  idea  as  to  the  degree  of  accuracy  reached  in  the  deter¬ 
mination  of  such  quantities  as  the  daily  variation  of  declination  ;  the  result  is  not 
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altogether  satisfactory.  Mr.  Whipple,  in  the  ‘  British  Association  Eeport’  (Birming¬ 
ham,  1886,  page  71),  says  : — 

“  Contrasting  the  Kew  results  with  those  of  Greenwich,  we  may  fairly  consider  the 
difference  to  he  due  in  some  measure  to  instrumental  causes,  the  construction  of  the 
magnetographs  being  dissimilar  at  the  two  observatories.  The  slight  difference  in 
position  of  the  two  observatories  may  likewise  have  some  influence.” 

The  difference  amounts  to  about  15  per  cent.,  and  it  seems  as  if  the  question 
whether  such  a  difference  can  be  due  to  instrumental  causes  deserves  a  careful 
examination.  Mr.  Chambers,  at  Bombay,  has  found  similarly  that  the  results  of  the 
magnetographs  differ  from  those  obtained  by  the  old  magnetometers  ;  and  he  seems  to 
ascribe  the  difference  to  an  “  influence  of  height  above  or  below  the  ground  level.” 
The  height  of  the  magnetometer  was  6  feet  above  ground,  and  that  of  the  magneto- 
graph  ’l\  feet  below  ;  the  former  gives  ranges  greater  by  7  per  cent,  for  the  declination 
variation,  and  the  difference  is  greater  still  for  the  horizontal  force  component.  That 
there  should  be  a  real  difterence  of  that  magnitude  in  the  two  positions  seems  exces¬ 
sively  unlikely,  and  we  must  conclude  that  at  present  the  results  given  by  magneto¬ 
graphs  are  doubtful  to  the  extent  of  about  10  per  cent. 

In  conclusion,  we  may  sum  up  the  principal  results  obtained  in  this  paper  as 
follows  ;  — 

1.  The  principal  part  of  the  diurnal  variation  is  due  to  causes  outside  the  Earth’s 
surface,  and  probably  to  electric  currents  in  our  atmosphere. 

2.  Currents  are  induced  in  the  Earth  by  the  diurnal  variation  which  produce  a 
sensible  effect  chiefly  in  reducing  the  amplitude  of  the  vertical  component  and 
increasing  the  amplitude  of  the  horizontal  components. 

3.  As  regards  the  currents  induced  by  the  diurnal  variation,  the  Earth  does  not 
behave  as  a  uniformly-conducting  sphere,  but  the  upper  layers  must  conduct  less 
than  the  inner  layers. 

4.  The  horizontal  movements  in  the  atmosphere  which  must  accompany  a  tidal 
action  of  the  Sun  or  Moon  or  any  periodic  variation  of  the  barometer  such  as  is 
actually  observed  would  produce  electric  currents  in  the  atmosjihere  having  magnetic 
effects  similar  in  character  to  the  observed  daily  variation. 

5.  If  the  variation  is  actually  produced  by  the  suggested  cause,  the  atmosphere 
must  be  in  that  sensitive  state  in  which,  according  to  the  author’s  experiments,  there 
is  no  lower  limit  to  the  electromotive  force  producing  a  current. 

In  conclusion,  the  author  begs  to  return  his  thanks  to  Mr.  William  Ellis  for  help 
given  in  some  of  the  calculations,  and  also  to  his  assistant,  Mr.  Arthur  Stanton,  for 
much  labour  bestowed  on  making  and  checking  numerical  calculations. 
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On  the  Currents  Induced  in  a  Spherdccd  Conductor  hy  Variation  of  an  External 

Magnetic  Potential. 

By  Horace  Lamb,  M.A.,  F.R.S. 

The  general  formulse  for  the  currents  induced  in  a  sphere  of  uniform  conductivity  by 
any  electric  or  magnetic  disturbances  outside  it  have  been  given  in  the  ‘  Phil.  Trans.,’ 
1883,  pp.  526  et  secj.  I  here  reproduce  (with  some  further  developments)  so  much  of 
the  investigation  as  is  required  for  the  discussion  in  Part  V.  of  the  foregoing  paper. 

Suppose  that,  the  origin  being  taken  at  the  centre  of  the  Eartli,  we  have  an  external 
disturbing  force,  whose  magnetic  potential  near  the  Earth’s  surface  is 

when  is  a  solid  harmonic  of  positive  degree  7i,  and  i  =  ^f  —  1. 

The  corresponding  values  of  the  components  of  electric  momentum  are 


^  n  +  lfclz 

i  f  d  d  . 

, Vn  v& 


H  = 


1 


+  1  \  dy 


d 


d 


the  time-factor  being  omitted  here  and  elsewhere  for  shortness.  For  these  values 
make 

,  da  _ 

djc  dy  dz  ~ 

and  also  give,  for  the  components  of  magnetic  force,  the  values 


im  _df^ 

dy  dz 


\  dn,. 


+ 1  -  b  i  +  + ")  w 


and,  similarly. 


dx  ’ 


y8=  - 


7  =  “ 


dy  ’ 
dVL,i 


3  u 
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If  u,  V,  ID  Le  the  components  of  electric  current ,  the  ecjuations  of  induced  currents 


are 


pu  —  —  F,  pv  =  •—  G,  pio  =  —  H, 
where  p  denotes  the  specific  resistance.  Eliminating  v,  v,  id  by  means  of  the  relations 
V"F  =  —  iTTip  V'Gr  =  —  Ittu,  V^H  =  —  Attw, 
we  find  that  at  all  points  within  the  sphere  F,  G,  FI  must  satisfy  the  equations 

(V"  -  /r)  E  =  0,  G  =  0,  H  =  0, 


where 


(/F  fTG  _ 

dx  dy  d  z  ~  ’ 


e  =  ^e-i. 


The  appropriate  solution  of  these  is 


F  =  x.(^n-(y£-2^y.. 


d  d 


where  r  =  [x^  +  2/"  “h  denotes  a  solid  harmonic  of  degree  u,  and 


x.(0- 1  +  r‘27r+‘3  +  2:x 


.2n  +  3.2/1  -t-  5 
siiih  ? 

=  3.5...2«+l.£-^j 


.  + 


The  total  magnetic  potential  outside  the  sphere  will  be 

where  n_„_i  is  the  part  due  to  the  induced  currents.  The  values  of  F,  G,  H  at 
external  points  will  then  be 


F  == 
G  = 
11  = 


d  d 

yjz-^ 


1  1 
,  , ,  -  — 
dyj  \  n  +  1  n 


I  '' 


d 

X  — 


dz  \n  +  1  " 


-  -  O. 


X 


dy 


d 

V  T. 


dx /  +  1 


1  1 

-  -  fi  . 
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It  remains  to  introduce  the  conditions  to  be  satisfied  at  the  surface  of  the  sphere 
(r  =  R).  The  continuity  of  electromotive  force,  i.e.,  of  0,  H,  requires 


(^’It)  .  oin 


n  +  1 


.  ['C  -  RJ 


The  continuity  of  the  magnetic  force  involves  the  continuity  of  the  space- 
derivatives  of  F,  G,  H,  and,  therefore,  of  dF/dr,  dGjdr,  dFL/dr.  Hence 

{iEx'.  (^-R)  +  »x.  ('•^R)!  =  dh  +  'Gr  •  [’■  = 


We  thence  find 


,  .  2ft  -H  1  ^ 

.  V  )  •  oy^i  —  _  1 5 

/V  \  / 

{Z;Ry',j  (Z:R)  fi-  {2n  +  1)  y?*  (^■Ft)]  o)n  =  1  “TT 

OV  “1“  J. 


which  are  equivalent  to 

/d-Pd 


Hence 


2ft  +  1.2ft  +  3  + •  ""  ~  ft  ’  I 

1  f 

X«-i  =  ~+l  J 

^  .  /^-Fd  _  y.^i(tP) 

fl,j  ?t  +  1  2ft  S-  1.2?i  +  3  (/up) 


[r  =  R] 


R] 


This  gives  the  ratio  of  surface  potentials,  and,  therefore,  of  horizontal  forces,  due 
to  internal  and  external  influences  respectively.  Since  this  ratio  is  “complex,”  there 
will  be  a  difference  of  phase,  as  well  as  of  amplitude.  The  corresponding  ratio  of 
vertical  forces  is 


dFl  _  n  _  1 
dr 
dVL,^ 
dr  — 


ft  -j-  1  O  _  a  _  1 
ft  XIa 


2ft  -f-  1.2ft  -T  3  %ji-i  (HI) 


r  =  'R 


To  interpret  these  results  it  is  necessary  to  calculate  the  function 


where 


_  .  %«+i(G_ 
2ft  +  1.2ft  4- 3 


^2  =  .  ,•  ^  ,-s  gay. 

p 

3  u  2 
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For  moderate  values  of  8  we  may  use  the  form 


where 


K 


B 


71 


iS 

2n  +  1.2n  +  3 


-^n  —  \  "f"  — 1 


1 _ ^ _ 

2.4.2%  +  3.2%  +  5  ^  2. 4. 6.8,  2%  +  3.2?i  +  5.2%  +  7.2%  +  9 

g _ _  _ 

2.2%  +  3  2. 4. 6. 2%  +  3.2%  +  5.2%  +  7  “  ’  '  '  ' 


The  following  Table  gives  the  values  of  A^,  Bj,  Ag,  Bg,  Ag,  Bg,  for  various  values  of  8. 
It  may  possibly  be  of  service  in  other  investigations. 


Table  XXIX. 


A,. 

B,. 

^3- 

B3. 

A5. 

B5. 

1 

+  0-996429 

+  0-099934 

+  0-998738 

+  0-055539 

+  0-999359 

+  -038456 

2 

+  0-985726 

+  0-199471 

+  0-994952 

+  0-110982 

3 

+  0-967918 

+  0-298216 

+  0-988647 

+  0-116230 

4 

-|-  0*943050 

+  0-395773 

+  0-979832 

+  0-221187 

1 

5 

+  0-911184 

+  0-491751 

+  0-968518 

+  0-275757 

6 

0*872401 

+  0-585759 

+  0-954720 

+  0-329843 

7 

+  0-826800 

+  0-677412 

+  0-938455 

+  0-.383350 

8 

+  0-774498 

+  0-766327 

+  0-919714 

+  0-436182 

9 

+  0-715628 

+  0-852126 

+  0-898610 

+  0-488246 

10 

+  0-650341 

+  0-934439 

+  0-875083 

-h  0-539448 

+  8-936309 

+  -3784 

20 

-  0-310366 

+  1-489206 

+  0-516311 

+  0-984135 

30 

-  1-628644 

+  1-351846 

-  0-029614 

+  1-248628 

40 

-  2-912855 

+  0-337304 

-  0-688914 

+  1-265555 

50 

-  3-716054 

-  1-563371 

-  1-366602 

+  0-993199 

100 

+  12-514840 

-  10-691120 

-  1-308236 

-  3-811231 

-  1-9434 

-  -6646 

If  we  write 

the  above  fraction  becomes 


A,j  +  i  B„  — 


+  1  ;(<l>  —  <J>  +  j-iri 

.  — «+i  «-i  ^  / 


2%  +  1.2%  +  3  S„_i 


If  we  prefix  the  minus  sign  this  gives  the  ratio  {k')  of  the  vertical  forces.  To  get 
the  ratio  (k)  of  the  horizontal  forces  we  must  multiply  by  n/{7i  +1). 

For  large  values  of  8  we  may  make  use  of  the  second  form  of  y,,..  Thus 


r  cosh  ^  sinh  H 

xi  =  3|-^ 

Xs  =  3.5.7  +  j|)cosh  ^  -  (^  +  sinh  j|, 
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whence 

_  (^  +  cosh  ^  —  (6^~^  +  15^“^)  sinli  ^ 

5.7  Xi(0  cosh  ?  —  shill  f 

Here 

^  =  (78)^  =  (1  +  7)  SVv/2  =  (1  +  7)  say. 

If  is  moderately  large  we  may  put  cosh  1/  sinh  ^  =  1  approximately.  The  error 
thus  committed  is  of  the  order  e~^^.  Since  the  value  of  has  six  cyjihers  after  the 
decimal  point,  this  approximation  is  amply  sufficient  for  ^  >  7,  or  say  for  8  >  100. 
The  above  fraction  is  then 


1  -  6^-1  +  15^^  -  _  (1  -  3/3-1  + -h^/3-g)  4.  ^(3y3-i  _ 

1-r'  ~  (l-i/3-i)  +  ^.i/3-i 


It  is  by  these  methods  that  Tables  XX.  and  XXI.  above  were  calculated.  The 
values  of  p,  the  specific  conductivity,  given  in  the  fifth  columns,  were  obtained  from 
the  formula 


by  putting 


p  =: 

27rlv  =  4T0^  cm,,  ‘^Trjp  =  86,400/'«r  secs., 


where  m  denotes  the  number  of  complete  periods  in  a  day,  and  is  therefore  =  1  for 
the  diurnal  and  =  2  for  the  semidiurnal  variations. 

As  the  resistance  diminishes,  the  difference  of  phase  tends  to  zero,  and  the  ratio 
of  normal  forces  to  the  value  —  1  ;  i.e.,  the  total  normal  force  at  the  surface  tends  to 
zero,  in  accordance  with  the  theory  of  electromagnetic  screens. 

The  ratio  of  the  total  vertical  to  the  total  horizontal  force  in  any  assigned 
direction  is 

—  — 

dr 

where  denotes  a  linear  element  drawn  in  the  proper  direction  on  the  Earth’s 
surface.  By  means  of  the  preceding  results  this  can  be  put  in  the  form 


_ ~r  1)  ^  _  /  dll,; 

+  (%  +  l)y„(7'R)  7  dT^  ' 


The  coefficient  may  be  calculated  independently,  by  a  proper  adaptation  of  the 
previous  methods,  or  we  may  deduce  its  value  from  the  results  already  obtained,  in 
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the  manner  explained  by  Professor  Schuster.  The  fanction  actually  computed  by 
Professor  Schuster  in  Tables  XXII.  and  XXIII.  is  the  ratio 


which 


cl 

ch 


\  (tl/i  + 


-M-l) 


(Ir 


_ {'!'>'  +  1)  X»  _ 

/.;R:^,/(Mt)  +  (71  +  i)y„(/,ao' 


For  large  values  of  S,  i.e.  for  sufficiently  small  values  of  p,  we  may  put 
cosh  ^  =  sinh  whence,  keeping  only  the  most  important  term  in  [Q,  the  fraction 
written  becomes 

=  +  = 

The  difference  of  phase  therefore  tends  to  the  limit  45°,  as  remarked  by  Professor 
Schuster.  For  8  =  100,  this  formula  gives  for  the  reduction  of  amplitude  the  value 
'3  and  '5  in  the  cases  n  =  2  and  n  =  A  respectively. 
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ADVERTISEMENT. 


The  Committee  appointed  by  the  Royal  Society  to  direct  the  publication  of  the 
Philosophical  Transactions  take  this  opportunity  to  acquaint  the  pubhc  that  it  fully 
appears,  as  well  from  the  Council-books  and  Journals  of  the  Society  as  from  repeated 
declarations  which  have  been  made  in  several  former  Transactions,  that  the  printing  of 
them  was  always,  from  time  to  time,  the  single  act  of  the  respective  Secretaries  till 
the  Forty- seventh  Volume;  the  Society,  as  a  Body,  never  interesting  themselves  any 
further  in  their  publication  than  by  occasionally  recommending  the  revival  of  them  to 
some  of  their  Secretaries,  when,  from  the  particular  circumstances  of  their  affairs,  the 
Transactions  had  happened  for  any  length  of  time  to  be  intermitted.  And  this  seems 
principally  to  have  been  done  with  a  view  to  satisfy  the  public  that  their  usual 
meetings  were  then  continued,  for  the  improvement  of  knowledge  and  benefit  of 
mankmd  :  the  great  ends  of  their  first  institution  by  the  Boyal  Charters,  and  which 
they  have  ever  since  steadily  pursued. 

But  the  Society  being  of  late  years  greatly  enlarged,  and  their  communications  more 
numerous,  it  was  thought  advisable  that  a  Committee  of  their  members  should  be 
appointed  to  reconsider  the  papers  read  before  them,  and  select  out  of  them  such  as 
they  should  judge, most  proper  for  publication  in  the  future  Transactions;  which  was 
accordmgiy  done  upon  the  26th  of  March,  1752.  And  the  grounds  of  their  choice  are, 
and  will  continue  to  be,  the  importance  and  singularity  of  the  subjects,  or  the 
advantageous  manner  of  treating  them  ;  without  pretendmg  to  answer  for  the 
ceidainty  of  the  facts,  or  propriety  of  the  reasonings  contamed  in  the  several  papers 
so  pubhshed,  which  must  still  rest  on  the  credit  or  judgment  of  their  respective 
authors. 

It  is  likewise  necessary  on  this  occasion  to  remark,  that  it  is  an  established  rule  of 
the  Society,  to  which  they  will  always  adhere,  never  to  give  then-  opinion,  as  a  Body, 
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upon  any  subject,  either  of  Nature  or  Art,  that  comes  before  them.  And  therefore  the 
thanks,  which  are  frequently  proposed  from  the  Chair,  to  be  given  to  the  authors  of 
such  papers  as  are  read  at  their  accustomed  meetings,  or  to  the  persons  through  whose 
hands  they  received  them,  are  to  be  considered  in  no  other  light  than  as  a  matter  of 
civility,  in  return  for  the  respect  shown  to  the  Society  by  those  communications.  The 
like  also  is  to  be  said  with  regard  to  the  several  projects,  inventions,  and  curiosities  of 
various  kinds,  which  are  often  exhibited  to  the  Society ;  the  authors  whereof,  or  those 
who  exhibit  them,  frequently  take  the  liberty  to  report,  and  even  to  certify  in  the 
public  newspapers,  that  they  have  met  with  the  highest  applause  and  approbation. 
And  therefore  it  is  hoped  that  no  regard  will  hereafter  be  paid  to  such  reports  and 
public  notices ;  which  in  some  instances  have  been  too  lightly  credited,  to  the 
dishonour  of  the  Society. 


List  of  Institutions  entitled  to  receive  the  Ppiilosophical  Transactions  or 

Proceedings  of  the  Koyal  Society. 


Institutions  marked  a  are  entitled  to  receive  Philosophical  Transactions,  Series  A,  and  Proceedings. 

„  „  B  „  „  „  „  Series  B,  and  Proceedings, 

r ,,  „  AB  „  „  „  ,,  Series  A  and  B,  and  Proceedings. 

,,  „  p  ,,  „  Proceedings  only. 


America  (Central). 

Mexico. 

•p.  Sociedad  Cientifica  “  Antonio  Alzate.” 
America  (North).  (See  United  States.) 
America  (South). 

Buenos  Ayres. 

AB.  Museo  Nacional. 

Caracas. 

B.  University  Library. 

Cordova. 

AB.  Academia  Nacional  de  Ciencias. 

Rio  de  Janeiro. 
p.  Observatorio. 

Australia. 

Adelaide. 

p.  Royal  Society  of  South  Austi’alia. 
Brisbane. 

p.  Royal  Society  of  Queensland. 

Melbourne. 

p.  Observatory. 

p.  Royal  Society  of  A^ictoria. 

AB.  University  Library. 

Sydney. 

p.  Linnean  Society  of  New  South  Wales. 

AB.  Royal  Society  of  New  South  AVales. 

AB.  University  Library. 

Austria. 

Agram. 

p.  Societas  Historico-Naturalis  Croatica. 
Briinn. 

AB.  Naturforschender  Verein. 

Gratz. 

AB.  Naturwissenschaftlicher  Verein  fiir  Steier- 
mark. 

Hermannstadt. 

p.  Siebenbiirgischer  Verein  fiir  die  Natur- 
■vussenschaften. 


Austria  (continued). 

Innsbruck. 

AB.  Das  Ferdinandeum. 

p.  Naturwissenschaftlich  -  Mediciuischer 
Verein. 

Klausenburg. 

AB.  Az  Erdelyi  Muzeum.  Das  siebcnbiirgische 
Museum. 

Prague. 

AB.  Kdnigliche  Bohmische  Gesellschaft  der 
W  issenschaf  ten . 

Schemnitz. 

p.  K.  Ungarische  Berg-  und  Forst-Akademie. 
Trieste. 

B.  Museo  di  Storia  Naturale. 
p.  Societa  Adriatica  di  Scienze  Naturali. 
Vienna. 

p.  Antbropologische  Gesellscbaft. 

AB.  Kaiserliche  Akademie  der  AVissenschaften. 
p.  K.K.  Geographische  Gesellschaft. 

AB.  K.K.  Geologische  Reichsanstalt. 

B.  K.K.  Zoologisch-Botanische  Gesellschaft. 

B,  Natiu’lhstorisches  Hof-Museum. 
p).  Glsterreichische  Gesellschaft  fiir  Meteoro- 
logie. 

Belgium. 

Brussels. 

B.  Academic  Royale  de  Medecine. 

AB.  Academic  Royale  des  Sciences. 

B.  Musee  Royal  d’Histoire  Naturelle  de 
Belgique. 

p.  Observatoire  Royale. 

p.  Societe  Malacologique  de  Belgique. 

Ghent. 

AB.  University. 

Liege. 

AB.  Societe  des  Sciences. 
p.  Societe  Geologique  de  Belgique. 
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Belgium  (continued). 

Louvain. 

AE.  L’Universite. 

Canada. 

Hamilton. 

p.  Scientific  Association. 

Montreal. 

AB.  McGill  College. 
p.  Natural  History  Society. 

Ottawa. 

AB.  Geological  Survey  of  Canada. 

AB.  Royal  Society  of  Canada. 

Toronto. 

p.  Canadian  Institute. 

AB.  University. 

Cape  of  Good  Hope. 

A.  Observatory. 

AB.  South  African  Library. 

Ceylon. 

Colombo. 

B.  Museum. 

China. 

Shanghai. 

p.  China  Branch  of  the  Royal  Asiatic  Society.  ! 

Denmark.  j 

Copenhagen. 

AB.  Kongelige  Uauske  Videnskabernes  Selskab. 

England  and  Wales. 

Birmingham. 

AB.  Free  Central  Library. 

AB.  Mason  College. 
p.  Philosophical  Society. 

Bristol. 

p.  Merchant  Venturers’  School. 

Cambridge. 

AB.  Philosophical  Society. 
p.  Union  Society. 

Cooper’s  Hill. 

AB.  Royal  Indian  Engineering  College. 

Dudley. 

p.  Dudley  and  Midland  Geological  and 
Scientific  Society. 

Essex. 

p.  Essex  Field  Club, 

Greenwich. 

A.  Royal  Observatory. 

Kew. 

B.  Royal  Gardens. 

Leeds. 

p.  Philosophical  Society. 

AB.  Yorkshire  College. 

Liverpool. 

AB.  Free  Public  Library. 

p.  Historic  Society  of  Lancashire  and  Cheshire. 
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England  and  Wales  (continued). 

Liverpool  (continued). 
p.  Literary  and  Philosophical  Society. 

A.  Observatory. 

AB.  University  College. 

London. 

AB.  Admiralty. 

p.  Anthropological  Institute. 

B.  British  Museum  (Nat.  Hist.). 

A.  Chemical  Society. 

p.  “  Electrician,”  Editor  of  the. 

B.  Entomological  Society. 

AB.  Geological  Society. 

AB.  Geological  Survey  of  Great  Britain. 
p.  Geologists’  Association. 

AB.  Guildhall  Library. 

A.  Institution  of  Civil  Engineers. 

A.  Institution  of  Mechanical  Engiueei’s. 

A.  Institution  of  Naval  Architects. 
p.  Iron  and  Steel  Institute. 

B.  Linnean  Society. 

AB.  London  Institution. 
p.  London  Library. 

A.  Mathematical  Society. 

p.  Meteorological  Office. 

p.  Odontological  Society. 

p.  Pharmaceutical  Society, 
p.  Physical  Society. 
p.  Quekett  Microscopical  Club. 
p.  Royal  Asiatic  Society. 

A.  Royal  Astronomical  Society. 

B.  Royal  College  of  Physicians. 

B.  Royal  College  of  Surgeons. 

p.  Royal  Engineers  (for  Libraries  abroad,  six 
copies). 

AB.  Royal  Engineers.  Head  Quarters  Library. 
p.  Royal  Geographical  Society. 

p.  Royal  Horticultural  Society. 

p.  Royal  Institute  of  British  Architects. 

AB.  Royal  Institution  of  Great  Britain. 

B.  Royal  Medical  and  Chirurgical  Society. 
p.  Royal  Meteorological  Society. 
p.  Royal  Microscopical  Society, 

p.  Royal  Statistical  Society. 

AB.  Royal  United  Service  Institution. 

AB.  Society  of  Arts, 

p.  Society  of  Biblical  Archteology. 
p.  Standard  Weights  and  Measures  Depart¬ 
ment. 

AB.  The  Queen’s  Library. 

AB.  The  War  Office. 

AB.  University  College. 

p.  Victoria  Institute. 

B.  Zoological  Society. 
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England  and  Wales  (continued). 

Manchester. 

AB.  Free  Library. 

AB.  Literary  and  Philosophical  Society. 
p.  Geological  Society. 

AB.  Owens  College. 

Netley. 

p.  Koyal  Victoria  Hospital. 

Newcastle. 

AB.  Free  Library. 

p.  North  of  England  Institute  of  Mining  and 
Mechanical  Engineers. 

p.  Society  of  Chemical  Industry  (Newcastle 
Section) . 

Norwich. 

p.  Norfolk  and  Norwich  Literary  Institution. 
Oxford. 

p.  Ashmolean  Society. 

AB.  Radclilfe  Libraiy. 

A.  Radcliffe  Observatory. 

Penzance. 

p.  Geological  Society  of  Cornwall. 

Plymouth. 

B.  Marine  Biological  As.sociMtit)u. 
p.  Plymouth  Institution. 

Richmond. 

A.  “  Kew  ”  Observatory. 

Salford. 

p.  Royal  Museum  and  Library. 

Stonyhurst. 

p.  The  College. 

Swansea. 

AB.  Royal  Institution. 

Woolwich. 

AB.  Royal  Artillery  Library. 

Finland. 

Helsingfors. 

p.  Societas  pro  Fauna  et  Flora  Fennica. 

AB.  Societe  des  Sciences. 

France. 

Bordeaux. 

p.  Academie  des  Sciences. 
p.  Faculte  des  Sciences. 
p.  Societe  de  Medecine  et  de  Chiruraie. 
p.  Societe  des  Sciences  Physiques  £t 
N  atnrelles. 

Cherbourg. 

p.  Societe  des  Sciences  Natnrelles. 

Dijon. 

p.  Academie  des  Sciences. 

Lille. 

p.  Faculte  des  Sciences. 


France  (continued). 

Lyons. 

AB.  Academic  des  Sciences,  Belles-Lettres  et  Arts. 
Marseilles. 

p.  Faculte  des  Sciences. 

Montpellier. 

AB.  Academie  des  Sciences  et  Lettres. 

B.  Faculte  de  Medecine. 

Paris. 

AB.  Academie  des  Sciences  de  I’lnstitut. 
p.  Association  Fraufaise  pour  rAvancement 
des  Sciences. 

p.  Conservatoire  des  Arts  et  Metiers. 
p.  Cosmos  (M.  l’Abhb  Valpjtte). 

AB.  Depot  de  la  Marine. 

AB.  Ecole  des  Mines. 

AB.  Ecole  Normale  Superienre. 

AB.  Ecole  Polytechnique. 

AB.  Faculte  des  Sciences  de  la  Sorbonne. 

AB.  Jardin  des  Plantes. 

A.  L’Observatoire. 

p.  Revue  Internationale  de  I’Electricite. 
p.  Revue  Scieirtifiqne  (Mons.  H.  DE  Vakigxy). 
p.  Societe  de  Biologic. 

AB.  Societe  d’Eircouragemeut  pour  ITndustrie 
Nationale. 

AB.  Societe  de  Geographie. 
p.  Societe  de  Physique. 

B.  Societe  Entomologique. 

AB.  Societe  Geologiqne. 

p.  Societe  Mathematique. 
p.  Societe  Meteorologique  de  France. 
Toulouse. 

AB.  Academie  des  Sciences. 

A.  Faculte  des  Sciences. 

Germany. 

Berlin. 

A.  Deutsche  Chemische  Gesellschaft. 

A.  Die  Sternwarte. 
p.  Gesellschaft  fiir  Erdkunde. 

AB.  Konigliche  Preussische  Akademie  der 
Wissenschaften. 

A.  Physikalische  Gesellschaft. 

Bonn. 

AB.  Uiiiversitat. 

Bremen. 

p.  Naturwissenschaftlicher  Verein. 

Breslau. 

p.  Schlesische  Gesellschaft  fiir  Vateiiandische 
Kultur, 

Brunswick. 

p.  Verein  fiir  Naturwissenschafl. 

Carlsruhe.  See  Karlsruhe. 

Danzig. 

AB.  Naturforschende  Gesellschaft. 
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Germany  (continued). 

Dresden. 

p.  Verein  fiir  Erdkiinde. 

Emden. 

p.  Naturforsclieude  Gesellschaft. 

Erlangen. 

AB.  Physikaliscli-Medicinisclie  Societiit. 
Frankfurt-am-Main. 

AB.  Senckenbergische  N^aturforschende  Gesell- 
s  draft. 

p.  Zoologisclie  Gesellscliaft. 

F  rankf  urt-  am-  0  der . 

p.  Naturwissensclraftliclier  Verein. 
Freiburg-im-Breisgair . 

AB.  Universitiit. 

Giessen. 

AB.  Grossberzoglicbe  Universitat. 

Gurlitz. 

p.  Naturforscbende  Gesellscliaft. 

Gottingen. 

AB.  Konigliclie  Gesellscliaft  der  Wissen- 
scliaf  ten . 

Halle. 

AB.  Kaiserliclie  Leopoldino  -  Carolinische 
Deutsche  Akademie  der  ISTaturforscher. 
p.  Naturwissenscbaftlicber  Vei’ein  fiir  Sach¬ 
sen  und  Thliringen. 

Hamburg. 

AB.  Haturwisseuscbaftliclier  Verein. 

Heidelberg. 

p.  Haturliistoriscli-Mediziniscbe  Gesellscliaft.  i 
AB.  Hniversitat. 

Jena. 

AB.  Mediciniscli-Naturwissenschaftliche  Gesell- 
scliaft. 

Karlsruhe. 

A.  Grossherzogliche  Sternvvarte. 

Kiel. 

A.  Sternivarte. 

AB.  Universitiit. 

Konigsberg. 

AB.  Konigliclie  Physikaliscli  -  Okonomische 
Gesellschaft. 

Leipsic. 

p.  Annalen  der  Physik  und  Cheniie. 

A.  Astrononiische  Gesellschaft. 

AB.  Konigliclie  Sachsische  Gesellschaft  der 
Wissenschaften. 
hlagdeburg. 

p.  Naturwissenschaftlicher  Verein. 
hlai'burg. 

All.  Universitiit. 
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Germany  (continued). 

Munich. 

AB.  Kdnigliche  Bayerische  Akademie  der 
Wissenschaften. 
p.  Zeitschrift  fiir  Biologic. 

Munster. 

AB.  ’Kdnigliche  Theologische  und  Philo- 
sophische  Akademie. 

Rostock. 

AB.  Universitiit. 

Strasburg. 

AB.  Universitiit. 

Tubingen. 

AB.  Universitiit. 

W  tirzburg. 

AB.  Physikalisch-Medicinische  Gesellschaft. 
Holland.  (See  ISrETHEEL,\xDS.) 

Hungary. 

Pesth. 

p.  Kdnigl.  Ungarische  Geologische  Anstalt. 
AB.  A  Magyar  Tudds  Tarsasag.  Die  Ungarische 
Akademie  der  Wissenschaften. 

India. 

Bombay. 

AB.  Elphinstone  College. 

Calcutta. 

AB.  Asiatic  Society  of  Bengal. 

AB.  Geological  Museum. 
p.  Great  Trigonometrical  Survey  of  India. 

AB.  Indian  Museum. 

p.  The  Meteorological  Reporter  to  the 
Government  of  India. 

Madras. 

B.  Central  hlusoum. 

A.  Observatory. 

Roorkee. 

p.  Roorkee  College. 

Ireland. 

Armagh. 

A.  Observatory. 

Belfast. 

AB.  Queen’s  College. 

Cork. 

p.  Philosophical  Society. 

AB.  Queen’s  College. 

Dublin. 

A.  Observatory. 

AB.  National  Library  of  Ireland. 

B.  Royal  College  of  Surgeons  in  Ireland, 

AB.  Royal  Dublin  Society. 

AB.  Royal  Irish  Academy. 

Galway. 

AB.  Queen’s  College. 


Italy. 

Bologna. 

AB.  Accaclemia  clelle  Scienze  dell’  Istitnto. 
Catania. 

AB.  Accademia  Gioenia  di  Scienze  ISTatui’ali. 
Florence. 

p.  Biblioteca  Nazionale  Centrale. 

AB.  Reale  Museo  di  Fisica. 

Milan.  , 

AB.  Reale  Istitnto  Lombardo  di  Scienze, 
Lettere  ed  Arti. 

AB.  Societa  Italiana  di  Scienze  Natural!. 
Naples. 

AB.  Societa  Reale,  Accademia  delle  Scienze. 

B.  Stazione  Zoologdca  (Dr.  Dohrn). 

Padua. 

p.  University. 

Palermo. 

A.  Circolo  Matematico. 

AB.  Consiglio  di  Perfezionamento  (Societa  di 
Scienze  Natural!  ed  Economiche). 

A.  Reale  Osservatorio. 

Pisa. 
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Introduction. 

A  GREAT  part  of  this  paper  was  written  in  the  spring  of  1886,  but  its  completion 
was  unavoidably  delayed.  This  has,  however,  not  been  altogether  without  advantage. 
Thus,  in  the  first  place,  at  the  Naturforscher-Versammlung,  held  in  Berlin,  in 
September,  1886,  the  greater  part  of  the  sittings  of  two  days  was  devoted,  in  the 
Section  of  Landwirthschqftliches  Versuchs-Wesen,  to  the  discussion  of  the  subject 
from  various  points  of  view,  one  of  ourselves  taking  part ;  and  as  it  seemed  desnable 
that  the  results  and  conclusions  then  brought  forward  by  others  should  be  considered, 
we  have  waited  for  the  publication  of  the  exact  figures  in  some  cases.  Again,  since 
the  Berlin  meeting,  M.  Berthelot  has  published  some  further  results,  to  which  refer¬ 
ence  should  be  made.  And  lastly,  we  are  now  enabled  to  give  further  new  results 
of  our  own. 

In  Part  2  of  the  ‘Philosophical  Transactions’  for  1861,  a  paper  was  given,  by 
ourselves  and  the  late  Dr.  Pugh,  “  On  the  Sources  of  the  Nitrogen  of  Vegetation, 
with  special  reference  to  the  question  ivhether  plants  assimilate  free  or  uncombined 
Nitrogen.'^  Since  that  time,  the  question  of  the  sources  of  the  nitrogen  of  vegetation 
has  continued  to  be  the  subject  of  much  discussion,  and  also  of  much  experimental 
enquiry,  both  at  Rothamsted  and  elsewhere.  Until  quite  recently,  the  controversy 
has  chiefly  been  as  to  whether  plants  directly  assimilate  the  free  nitrogen  of  the 
atmosphere ;  but,  during  the  last  few  years,  the  discussion  has  assumed  a  somewhat 
different  aspect.  The  question  still  is  whether  the  free  nitrogen  of  the  air  is  an 
important  source  of  the  nitrogen  of  vegetation  ;  but  whilst  few  now  adhere  to  the 
view  that  the  higher  chlorophyllous  plants  directly  assimilate  free  nitrogen,  it  is, 
nevertheless,  assumed  to  be  brought  under  contribution  in  various  ways — coming  into 
combination  within  the  soil,  under  the  influence  of  electricity,  or  of  micro-organisms, 
or  of  other  low  forms,  and  so  indirectly  serving  as  an  important  source  of  the  nitrogen 
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of  plants  of  a  higher  order.  Several  of  the  more  important  of  the  investigations  in 
the  lines  here  indicated  seem  to  have  been  instigated  by  the  assumption  that  com¬ 
pensation  must  be  found  for  the  losses  of  combined  nitrogen  which  the  soil  sustains 
by  the  removal  of  crops,  and  also  for  the  losses  which  result  from  the  liberation  of 
nitrogen  from  its  combinations  under  various  circumstances. 

At  the  meeting  of  the  American  Association  for  the  Advancement  of  Science,  held 
at  Montreal  in  1882,  we  gave  a  paper  entitled — ‘^Determinations  of  Nitrogen  in  the 
soils  of  some  of 'the  Experimental  Fields  at  Rothamsted,  and  the  hearing  of  the  results 
on  the  question  of  the  Sources  of  the  Nitrogen  of  our  crops  and  again,  at  the 
Meeting  of  the  British  Association,  held  at  Montreal,  in  1884,  we  gave  further  results 
on  the  subject,  in  a  paper — “  On  some  points  in  the  Composition  of  Soils ;  luith  I'csults 
illustrating  the  Sou7'ces  of  the  FeiRlity  of  Manitoba  Prawie  Soils.”  * 

It  is  the  object  of  the  present  paper  to  summarise  some  of  our  own  more  recently 
published  results  bearing  on  various  aspects  of  the  subject,  to  put  on  record  additional 
results,  to  give  a  preliminary  notice  of  new  lines  of  enquiry,  and  to  discuss  the 
evidence  so  adduced  with  reference  to  the  results  and  conclusions  of  others  which  have 
recently  been  put  forward,  as  above  alluded  to. 


PART  I. 

Results  relating  to  other  Sources  than  Free  Nitrogen. 

1.  Summary  of  previously  published  Rothamsted  Results  chiefly  relating  to  nitric  acid 

in  soils  and  subsoils. 

Before  directing  attention  to  the  new  results  it  will  be  desirable,  with  the  view  of 
bringing  out  their  significance  the  more  clearly,  to  give  a  brief  resume  of  our  previous 
results  and  conclusions  bearing  on  the  subject. 

In  the  last  mentioned  paper,  after  reviewing  previously  existing  evidence  as  to  the 
sources  of  the  nitrogen  of  crops,  we  concluded,  as  we  had  done  before,  that,  excepting 
the  small  amount  of  combined  nitrogen  annually  coming  down  in  rain,  and  the  minor 
aqueous  deposits  'from  the  atmosphere,  the  source  of  the  nitrogen  of  vegetation  was, 
substantially,  the  stores  within  the  soil  and  subsoil,  whether  derived  from  previous 
accumulations  or  from  recent  supplies  by  manure. 

Results  of  determinations  of  the  nitrogen  as  nitric  acid,  in  soils  of  known  history 
as  to  manuring  and  cropping,  and  to  a  considerable  depth,  in  some  cases  to  108  inches, 
were  given,  which  showed  that  the  amount  of  nitrogen  in  the  soil  in  that  form  was 
much  less  after  the  growth  of  a  crop  than  under  corresponding  conditions  without  a 
crop.  In  the  case  of  gramineous  crops,  the  evidence  pointed  to  the  conclusion  that 
most,  if  not  the  whole,  of  their  nitrogen  was  taken  up  as  nitric  acid  from  the  soil  and 

*  Afterwai’cls  revised  and  published  in  the  ‘  Transactions  of  the  Chemical  Society  ’  for  June,  1885. 
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subsoil.  In  the  case  of  leguminous  crops  again,  the  evidence  was  in  favour  of  the 
supposition  that,  in  some  cases,  the  whole  of  the  nitrogen  had  been  taken  up  as  nitric 
acid,  but  that  in  others  that  source  was  inadequate. 

The  results  further  showed  that,  under  otherwise  parallel  conditions,  there  was  very 
much  more  nitrogen  as  nitric  acid,  in  soils  and  subsoils,  down  to  a  depth  of  108  inches, 
where  leguminous  than  where  gramineous  crops  had  for  some  time  been  grown. 

Table  II.,  p.  6,  gives,  in  a  condensed  form,  the  most  important  of  the  previously 
published  results  relating  to  this  branch  of  the  subject.  It  shows  the  amounts  of 
nitrogen  as  nitric  acid,  calculated  acre,  in  lbs.,  according  to  determinations  made 
in  samples  of  soil  collected  in  1883,  at  each  of  12  depths  of  9  inches  each,  that  is 
down  to  108  inches  in  all,  under  the  following  conditions  : — 

1.  Where  wheat  had  been  grown  in  alternation  with  fallow,  without  any  manure, 
since  1850  that  is  for  more  than  30  years. 

2.  On  a  plot  where  mineral  manures  had  occasionally  been  applied,  but  no  nitrogen 
for  more  than  30  years ;  where  Trifotiwm  pratense  had  been  sown  12  times  during  the 
30  years,  1848-77,  but  in  8  out  of  the  last  10  trials  the  plant  had  died  off  in  the 
winter  or  spring  succeeding  the  sowing,  in  4  without  giving  any  crop,  and  in  the 
other  4  yielding  very  small  cuttings ;  and  where,  consequent  on  the  failure  of  the 
clover,  during  the  30  years  1  crop  of  wheat  and  5  of  barley  had  been  taken,  and  the 
land  had  been  12  years  left  fallow.  Trifolium  repens  was  then  sown,  namely,  in  1878, 
1880,  1881,  and  1883;  and  it  yielded  crops  in  1879,  1881,  and  1882,  but  none  in 
1883,  when  the  soil  samples  were  taken. 

3.  On  2  plots  with  the  same  previous  history  as  that  of  the  Trifolium  repens  plots 
prior  to  1878,  but  where  Vida  saliva  has  since  been  sown;  and  where,  notwith¬ 
standing  the  previous  failure  of  the  red  clover,  the  Vida  yielded  fair  crops  in  1878, 
1879,  1880,  and  1881,  and  large  crops  in  1882,  and  in  1883,  before  the  soil  samples 
were  taken. 

We  are  now  able  to  give  amended,  and  more  complete  estimates,  of  the  amounts  of 
nitrogen  removed  per  acre  in  the  produce  from  the  different  plots,  both  during  the 
preliminary  period  up  to  1877  inclusive,  and  during  the  period  of  the  direct  experi¬ 
ments  with  the  various  leguminous  plants.  As  each  leguminous  plot  is  only  -it  of 
acre  in  area,  it  is  obvious  that  calculations  of  the  produce,  per  acre,  can  only  be 
approximately  correct.  We  have,  therefore,  in  each  case  taken  the  average  yield  of 
three  plots,  4,  5,  and  6,  with  one  and  the  same  plant,  but  with  somewhat  different 
mineral  manures.  Thus,  plot  4  has  received  a  mixture  of  superphosphate  of  lime  and 
potash  sulphate  ;  plot  5  a  mixture  of  potash,  soda,  and  magnesia  salts  ;  and  plot  6  the 
same  as  plot  5,  with  superphospate  of  lime  in  addition.  Direct  determinations  of 
nitrogen  have,  in  almost  all  cases,  been  made  ;  and  we  believe  that  the  estimates  of  it 
per  acre  may  be  considered  as  close  approximations  to  the  truth,  and  at  any  rate  quite 
sufficiently  so  for  the  purposes  of  illustration  and  of  argument  for  which  the}^  are  used. 
The  results  are  given  in  the  following  Table  (I.). 
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Table  I. — Estimated  yield  of  Nitrogen  per  acre,  in  lbs,,  in  wheat  alternated  with 
fallow,  and  in  various  leguminous  crops  without  nitrogenous  manure. 


Onmanured. 

Mineral  manures  only. 

Fallow-wheat. 

Trifolium  repms. 

Vida  saliva. 

Prelimmary  period  : — Wheat  and  fallow,  27  years,  1851-77.  Red  clover,  &c.,  &c., 

29  years,  1849-77. 

1 

Ihs. 

lbs. 

Average  per  acre  per  annum  .  . 

17 

32 

Experimental  period. 

lbs. 

lbs. 

lbs. 

1878  . 

29 

0 

51 

1879  . 

Fallow 

82 

46 

1880  . 

24 

0 

58 

1881 . 

Fallow 

8 

65 

1882  . 

18 

74 

146 

1883  . 

Fallow 

0 

101 

Total,  6  years . 

71 

164 

467 

Average  annual . 

12 

27 

78 

The  next  Table  (11.)  shows  the  amounts  of  nitrogen  as  nitric  acid  found  in  the  soils 
and  subsoils  of  the  several  plots  under  the  conditions  above  described. 
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Table  II. — Nitrogen  as  Nitric  Acid  per  acre,  lbs.,  in  the  soils  and  subsoils  of  some 
experimental  plots,  without  nitrogenous  manure  for  more  than  30  years. 
Hoosfield,  Rothamsted.  Soil  samples  collected  July  17-26,  1883. 


Depths. 

Unmanured. 

Series  I. 

Mineral  manures  only. 

Trifolium 

repens, 

+  or  — . 
Wheat  land. 

+  or  — . 

Trifolium  rejpem» 

Wheat- 
fallow  land. 

Trifolium 
repens. 
Plot  4. 

Vida 
sativa. 
Plot  4. 

Vida 
sativa. 
Plot  6. 

Vida 

sativa. 

Plot  4. 

Vida 

sativa. 

Plot  6. 

inches. 

lbs. 

lbs. 

lbs. 

lbs. 

lbs. 

lbs. 

lbs. 

1-  9 

19-85 

30-90 

12-16 

10-22 

-f  11-05 

-  18-74 

--  20-68 

10-  18 

8-05 

27-73 

4-11 

2-72 

+  19-68 

-  23-62 

-  25-01 

19-  27 

2-47 

8-44 

1-37 

1-08 

+ 

5-97 

-  7-07 

-  7-36 

28-  36 

2-70 

7-64 

1-67 

1-52 

+ 

4-94 

-  5-97 

-  6-12 

37-  45 

1-62 

9-07 

4-58 

2-51 

+ 

7-45 

-  4-49 

—  6-56 

46-  54 

3-57 

8-77 

6-37 

4-42 

+ 

5-20 

-  2-40 

-  4-35 

55-  63 

3-84 

7-92 

7-16 

4-52 

+ 

4-08 

-  0-76 

-  3-40 

64-  72 

2-28 

8-34 

5-95 

4-92 

+ 

6-06 

-  2-39 

-  3-42 

73-  81 

1-48 

8-27 

4-54 

4-81 

+ 

6-79 

-  3-73 

-  3-46 

82-  90 

1-76 

9-95 

5-32 

5-14 

+ 

8-19 

-  4-63 

-  4-81 

91-  99 

2-94 

9-16 

5-66 

6-40 

+ 

6-22 

-  3-50 

-  2-76 

100-108 

1-84 

9-51 

5-32 

6-46 

+ 

7-67 

-  4-19 

-  3-05 

Total 

52-40 

145-70 

64-21 

54-72 

+  93-30 

-  81-49 

-  90-98 

These  wheat-fallow  and  leguminous  plots  are  absolutely  adjoining ;  and  by  their 
previous  treatment  their  surface  soils  had  become  extremely  poor  in  nitrogen.  The 
results  have  been  discussed  in  detail  in  the  paper  in  the  Transactions  of  the  Chemical 
Society,  and  must  only  be  briefly  summarised  here.  Table  I.  shows  that,  for  about 
30  years,  the  Trifolium  repens  soil  had  yielded  in  crops  nearly  twice  as  much  nitrogen 
per  acre  as  the  wheat-fallow  soil.  Yet  it  is  seen  that,  whilst  the  wheat-fallow  soil 
contained,  down  to  the  depth  of  9  feet,  only  5  2 ’4  lbs.  of  nitrogen  as  nitric  acid  per 
acre,  the  Tr folium  repens  soil  contained  145 ’7  lbs.  to  the  same  depth.  In  other 
words — the  Trifolium  repens  soil,  from  which  so  much  more  nitrogen  had  been 
removed,  contained  9 3 '3  lbs.  more  nitrogen  as  nitric  acid  than  the  wheat-fallow  soil. 

Now,  excepting  that  the  leguminous  crop  soil  had  received  mineral  manures,  and 
the  wheat  soil  had  not,  the  characteristic  difference  in  the  history  of  the  two  plots 
was,  that  the  one  had  grown  a  gramineous  crop  alternately  with  fallow  for  more  than 
30  years,  and  the  other  had,  during  the  same  period,  besides  growing  6  gramineous 
crops,  and  being  frequently  fallow,  been  sown  12  times  with  red  clover,  and,  during 
the  immediately  preceding  6  years,  4  times  with  white  clover.  That  is  to  say,  the 
chief  distinction  was,  that  the  one  plot  had,  especially  in  the  earlier  and  the  later  years, 
grown  a  leguminous  crop,  whilst  the  other  had  not ;  and  it  is  under  these  circum¬ 
stances  that  the  leguminous  crop  soil  is  found  to  contain,  down  to  108  inches,  nearly 
3  times  as  much  nitrogen  as  nitric  acid  ns  the  gramineous  crop  soil. 
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The  difference  is  the  greatest  near  the  surface,  but  it  is  very  considerable  down  to 
the  lowest  depth.  Hence  it  is  obvious  that  any  loss  by  drainage  would  be  much  the 
greater  from  the  Trifolium  plot,  and  so  the  difference  between  the  two  plots  was 
probably  in  reality  greater  than  the  figures  show.  In  both  cases  the  actual  amount  is 
the  greatest  near  the  surface,  indicating  more  active  nitrification  ;  and  the  excess  is 
much  the  greater  in  the  Trifolium  r opens  soil,  doubtless  due  to  more  nitrogenous  crop- 
residue  from  the  leguminous  than  from  the  gramineous  crop.  Indeed,  about  74  lbs. 
of  nitrogen  had  been  removed  in  the  Trifolium  repens  crop  in  1882,  and  none  in  1883, 
the  year  of  the  soil  collections.  On  the  other  band,  only  about  one- fourth  as  much 
was  removed  in  the  wheat  crop  of  1882,  and  the  land  was  fallow  in  1883.  Unless, 
however,  there  was  considerably  more  nitrogen  in  the  crop-residue  than  in  the 
removed  crops  of  the  Trifolium  repens,  the  excess  of  93  lbs.  of  nitrogen  as  nitric 
acid  found  in  the  Trifolium  repens  soil,  together  with  the  increased  amount  lost  by 
drainage,  could  not  have  had  its  source  entirely  in  the  nitrification  of  recent  nitro¬ 
genous  crop-residue.  Some  of  the  increased  amount  in  the  lower  layers  was  indeed 
doubtless  due  to  washing  down  from  the  surface.  But  as,  notwithstanding  much 
more  nitrogen  had  been  removed  in  crops  from  the  leguminous  than  from  the 
gramineous  crop  soil  during  the  previous  30  years,  the  surface  soil  of  the  leguminous 
plots  remained  slightly  richer  in  nitrogen  than  that  of  the  gramineous  plot,  it  cannot 
be  supposed  that  the  whole  of  the  nitrogen  of  the  crop,  and  of  the  nitric  acid  found, 
had  its  origin  in  the  surface  soil.  If,  therefore,  nitrogen  has  not  been  derived  from 
the  atmosphere,  the  conclusion  must  be  that  some  has  come  from  the  subsoil. 

The  indication  was  that  nitrification  had  been  more  active  under  the  influence  of 
the  leguminous  than  of  the  gramineous  growth  and  crop-residue.  In  fact,  under  the 
influence  of  leguminous  growth,  not  only  will  there  be  increased  nitrogenous  matter 
for  nitrification,  but  it  would  seem  that  the  development  of  the  nitrifying  organisms 
will  be  favoured.  The  question  is,  therefore,  whether  part  of  the  result  be  not  due 
to  the  passage  downwards  of  the  nitrifying  organisms,  and  the  nitrification  of  the 
nitrogen  of  the  subsoil. 

The  alternative  was  suggested,  that  the  soil  and  subsoil  might  still  be  the  source  of 
the  nitrogen  of  the  crops,  but  that  the  plants  may  take  up,  at  any  rate  part  of  their 
supply,  in  other  forms  than  as  nitric  acid — as  ammonia,  or  as  organic  nitrogen,  for 
example.  It  was  pointed  out  that  fungi  do  take  up  both  organic  carbon  and  organic 
nitrogen ;  but  that,  whilst  existing  direct  experimental  evidence  was  conflicting  as  to 
whether  green  leaved  plants  even  assimilate  carbon  taken  up  by  their  roots  as  carbonic 
acid,  the  evidence  was  even  less  conclusive  as  to  whether  they  take  up  either  organic 
carbon  or  organic  nitrogen  as  such  from  the  soil.  To  this  question  we  shall  recur 
further  on. 

The  next  point  is  to  compare  the  amount  of  nitrogen  as  nitric  acid  found  in  the 
Vida  saliva  soils  with  that  in  the  Trifolium  repens  soil.  In  the  first  place  it  is  to 
be  observed,  that  whilst  from  the  Trifolium  repens  plot  only  164  lbs.  of  nitrogen  had 
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been  removed  in  the  crops  during  the  five  years  to  1882  inclusive,  from  the  Vida 
sativa  plots  366  lbs.  had  been  removed  during  the  same  period.  Further,  whilst 
from  the  Trifolium  ro'pens  plot  there  was  no  nitrogen  removed  in  1883,  the  year  of 
soil  sampling,  from  the  Vida  plots  101  lbs.  were  removed  in  the  crop  just  before  the 
soil  sampling.  It  is  seen  that,  under  these  circumstances,  there  remained,  per  acre,  in 
one  of  the  Vida  plots  81'5  lbs.,  and  in  the  other  91  lbs.,  less  nitrogen  as  nitric  acid 
to  the  depth  examined  than  in  the  Trifolium  re'pens  soil. 

If  we  confine  attention  only  to  the  amount  of  nitrogen  removed  in  the  Vida  crops 
in  the  year  of  the  soil  sampling,  and  assume  that  there  had  been  only  as  much  at  the 
disposal  of  the  plant  as  in  the  case  of  the  Trifolium  plot,  it  is  obvious  that  the 
deficiency  in  the  Vida  soils  very  nearly  corresponds  with  the  amount  removed  in  the 
crop,  which  was  about  100  lbs.  Indeed,  it  may  safely  be  concluded  that  most,  if  not 
the  whole,  of  the  nitrogen  of  the  Vida  crops  had  been  taken  up  as  nitric  acid. 

But  there  had  probably  been  more  loss  by  drainage  from  the  Tdfolium  plot  without 
growth  than  from  the  Vida  plots  with  growth,  and  with,  at  the  same  time,  much 
more  upward  passage  and  evaporation. 

It  must  also  be  borne  in  mind,  that  the  Vida  plots  had,  during  the  preceding  5 
years,  1878  to  1882,  yielded  an  average  of  more  than  70  lbs.  of  nitrogen  per  acre,  and 
in  the  immediately  preceding  year  (1882),  146  lbs.  Further,  the*  amounts  taken  up 
by  the  plants  each  year  must  have  been  much  greater  than  the  amounts  removed  in 
the  crops ;  for  there  must  have  been  annually  a  large  crop-residue,  which  would  yield 
nitric  acid  for  succeeding  crops.  Much  of  these  large  amounts  of  nitrogen  must 
obviously  have  had  some  other  source  than  the  original  surface  soil,  since  it  gained 
rather  than  lost  under  the  treatment.  If  this  source  were  not  the  atmosphere,  but 
the  subsoil,  it  must  have  been  taken  up,  either  as  nitric  acid,  as  some  other  product 
of  the  change  of  the  organic  nitrogen  of  the  subsoil,  or  as  organic  nitrogen  itself 
Further,  as  the  Vida  crops  were  large  in  the  previous  year,  1882,  so  also  would  their 
nitrogenous  crop-residue  be  large,  and  contribute  correspondingly  large  amounts  of 
nitric  acid  for  the  crops  of  1883.  But  the  crops  of  1883  were  also  large,  and  they,  in 
their  turn,  would  leave  correspondingly  large  nitrogenous  crop-residues ;  leaving  a 
large  proportion  of  the  amount  of  nitrogen  removed  in  the  crops  to  be  otherwise 
provided  for  than  by  previous  residue. 

Lastly  in  reference  to  these  experiments,  it  is  seen  that  at  each  of  the  12  depths, 
down  to  108  inches,  the  Vida  plots  where  there  had  been  growth,  contained  less  nitric- 
nitrogen  than  the  Trifolium  repens  plot  where  there  had  been  no  growth.  The 
difference  is  much  the  greatest  in  the  first  18  inches,  within  which  the  Vida  throws 
out  by  far  the  larger  amount  of  root ;  but  it  is  very  distinct  below  this  point,  and  the 
supposition  is  that,  under  the  influence  of  the  growth  of  the  Vida,  water  had  been 
brought  up  from  below,  and  with  it  nitric  acid.  In  fact,  compared  wdth  the  Trifolium 
repens  plot,  the  mean  for  the  two  Vida  plots  showed  less  water  in  the  soil  dowm  to 
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108  inches,  corresponding  to  between  6  and  7  inches  of  rain,  or  to  between  600  and 
700  tons  of  water  per  acre. 

After  this  summary  of  previously  published  results  we  may  now  turn  to  the  con¬ 
sideration  of  new  results  of  the  same  kind. 

2.  NeuJ  Determinations  of  Nity'ic  Acid  in  Soils  and  Subsoils. 

The  plots  experimented  npon  are  in  the  same  series,  with  the  same  previous  history, 
as  those  already  referred  to.  Trifoliuin  repens  was  ag’ain  selected  as  the  weak  and 
superficially  rooting  plant ;  Melilotus  leucantha  was  taken  as  a  deeper  and  stronger 
rooting  one ;  and  Medicago  sativa,  or  lucerne,  as  a  still  deeper  and  still  stronger 
rooting  plant.  Samples  of  soil  were  taken  at  the  end  of  July  and  the  beginning  of 
August,  1885,  from  2  places  on  each  plot,  and  in  each  case,  as  before,  to  12  depths  of 
9  inches  each,  equal  to  a  total  depth  of  108  inches  or  9  feet. 

Tlie  following  table  (III.)  shows  the  estimated  yields  of  nitrogen  per  acre  in  the 
difierent  crops  during  the  experimental  period  from  1878  to  1885,  the  year  of  soil 
sampling,  inclusive.  The  yields  during  the  preliminary  period  have  been  already  given 
in  Table  I. 

Table  III. — Estimated  yield  of  Nitrogen  per  acre,  in  lbs.,  in  wheat  alternated  with 
fallow,  and  in  various  leguminous  crops,  without  nitrogenous  manure. 


U  iimanured. 

Mineral  manures  only. 

Trljolium 

Melilotus 

Me<l  kago 

7'epens. 

leucantha. 

sail  va. 

lbs. 

lbs. 

lbs. 

lbs. 

1878  . 

29 

0 

53 

Not  sown 

1879  . 

Fallow 

82 

130 

0 

1880  . 

24 

0 

36 

28 

1881 . 

Fallow 

8 

60 

28 

1882  . 

18 

74 

145 

111 

1883  . 

Fallow 

0 

27 

143 

1884  ....>. 

29 

0 

56 

337 

1885  . 

Fallow 

97 

58 

233* 

Total,  8  years  . 

100 

261 

565 

880 

Average  annual  . 

12 

33 

71 

(111') 

Thus,  the  wheat  plot  was  again  fallow  when  sampled ;  the  total  yield  of  nitrogen 
in  the  crops  in  the  8  years  was  only  100  lbs.  per  acre,  and  the  average  annual  yield 
little  more  than  ]  2  lbs. 

The  Trifolium  repens  plots,  after  giving  no  crop  in  either  1883  or  1884,  yielded 
produce  containing  nearly  100  lbs.  of  nitrogen  in  1885,  before  the  soil  sampling;  the 
total  yield  of  nitrogen  in  the  8  years  was  261  lbs.,  and  the  average  annual  yield 
33  lbs. 

*  First  and  second  crops  only ;  a  third  crop,  cut  after  the  soil  sampling,  yielded  37  lbs.  nitrog’en. 

MDCCCLXXXIX.— B.  C 
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The  deeper  rooting,  and  freer  growing  MeliJotus  leucantha  gave  more  or  less  pro¬ 
duce  in  each  year  of  the  eight,  large  crops  in  1879  and  1882,  a  total  yield  of  nitrogen 
over  the  eight  years  of  565  lbs.  per  acre,  and  an  average  annual  yield  of  71  lbs. 

Lastly,  the  still  deeper  rooting,  and  still  freer  growing  Medicago  sativa,  sown  first 
in  1879,  gave  no  crop  in  that  year,  only  small  crops  in  1880  and  1881,  and  then 
rapidly  increasing  amounts,  until  the  yield  of  nitrogen  was  estimated  at  337  lbs.  per 
acre  in  1884,  and  at  233  lbs.  in  1885  before  the  soil  sampling,  and  37  lbs.  afterwards, 
making  a  total  for  that  year  of  270  lbs.  The  total  yield  of  nitrogen  in  the  6  years, 
prior  to  the  soil  sampling,  was  880  lbs.  ;  giving  an  average  over  the  8  years  of 
110  lbs.,  or  over  the  6  years  when  there  was  any  crop,  of  147  lbs.  of  nitrogen  per 
acre  per  annum. 

Table  IV.  shows  the  amounts  of  nitrogen  as  nitric  acid  found  in  the  soils  and 
subsoils  of  the  different  plots — in  all  cases  calculated  into  lbs.  per  acre. 


Table  IV.- — Nitrogen  as  Nitric  Acid  per  acre,  lbs.,  in  the  soils  and  subsoils  of  some 
experimental  plots,  without  nitrogenous  manure,  for  more  than  30  years. 
Hoosfield,  Rothamsted.  Samples  collected  July  29  to  August  14,  1885. 


Unmanured. 

Series  I. 

Mineral  manures  only. 

Trifolium 

+  or  — 

Trifolium  repens. 

Depths. 

i 

Wheat- 
fallow  land. 

Trifolium 
repens. 
Plot  5. 

Melilotus 
leucantha. 
Plot  5. 

Medicago 
sativa. 
Plot  5. 

repens. 

+  or  — 
Wheat  land. 

Melilotus 
leucantha. 
Plot  5. 

Medicago 

sativa. 

Plot  5. 

[  inches. 

lbs. 

lbs. 

lbs. 

lbs. 

lbs. 

lbs. 

.  lbs. 

1-  9 

17-44 

11-50 

4-35 

8-88 

-  6-94 

-  7-15 

-  2-62 

10-  18 

3-67 

1-38 

1-40 

1-11 

-  2-29 

+  0-02 

-  0-27 

19-  27 

2-76 

0-90 

2-12 

0-78 

-  1-86 

+  1-22 

-  0-12 

28-  36 

2-16 

1-86 

2-94 

0-81 

-  0-30 

+  1-08 

-  1-05 

37-  45 

1-68 

7-08 

5-22 

0-99 

+  5-40 

-  1-86 

-  6-09 

46-  54 

1-47 

11-31 

6-21 

0-93 

+  9-84 

-  5-10 

-10-38 

;  65-  63 

1-77 

13-14 

7-95 

0-57 

+  11-37 

-  5-19 

-12-57 

64-  72 

1-83 

12-63 

10-08 

0-81 

+  10-80 

-  2-55 

-11-82 

73-  81 

2-29 

11-19 

9-66 

0-70 

+  8-90 

-  1-53 

-10-49 

82-  90 

2-01 

10-70 

9-16 

0-61 

+  8-69 

-  1-54 

-10-09 

91-  99 

1-98 

11-08 

8-83 

0-44 

+  9-10 

-  2-25 

-10-64 

100-108 

2-06 

9-96 

10-12 

0-41 

+  7-90 

+  0-16 

-  9-55 

Total  .... 

41-12 

102-73 

78-04 

17-04 

+  61-61 

-24-69 

-85-69 

1 

Summary  and  control. 

]-  9 

17-44 

11-50 

1 

4-35  1 

8-88 

-  5-94 

-  7-15 

-  2-62 

10-  18 

3-67 

1-38 

1-40  ' 

1-11 

-  2-29 

+  0-02  • 

-  0-27 

Mi^eture  of  1 
19-108  inches  / 

20-63 

88-02 

73-21 

6-97 

+  67-39 

-14-81 

-81-05 

Total  .... 

41-74 

100-90 

78-96  i 

16-96 

+  59-16 

-21-94  ■ 

-83-94  j 
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The  determinations  of  nitiic  acid  in  the  soil  extracts,  the  results  of  which  are 
recorded  in  the  table,  as  well  as  those  given  in  Table  IL,  were  made  in  the 
Ilothamsted  Laboratory  by  Mr.  D.  A.  Louis,  by  Schlcesing’s  method,  as  nitric  oxide 
by  the  reaction  with  ferrous  salts.  For  each  of  the  twelve  depths  a  mixture  of  the 
samples  from  the  two  holes  was  prepared,  and  in  each  of  these  mixtures  duplicate 
determinations  of  nitric  acid  were  made.  As  a  control,  determinations  were  also 
made  in  a  mixture  of  the  samples  from  the  10  lower  depths,  the  third  to  the  twelfth 
inclusive,  and  the  results  are  given  at  the  foot  of  the  table. 

The  first  point  to  remark  is,  that  there  was  much  less  nitrogen  as  nitric  acid  in  the 
Trifolium  re^^ons  soil  in  1885,  after  the  removal  of  nearly  100  lbs.  of  nitrogen  in  the 
crops,  than  in  1883,  when  no  crop  had  grown.  The  deficiency  is  the  greatest  in  the 
2  upper  layers,  but  it  extends  to  the  fifth  depth,  amounting  to  that  point,  which 
represents  the  range  of  the  direct  or  indirect  action  of  the  superficial  roots  of  the 
plant,  to  about  61  lbs.  Below  the  range  of  this  action,  however,  there  is  even  more 
nitrogen  as  nitric  acid  in  1885  than  1883  ;  due  doubtless  in  part  to  percolation  from 
above  during  the  two  preceding  seasons  without  growth,  and  possibly  in  part  to 
percolation  of  the  nitrifying  organisms,  and  nitrification  of  the  nitrogen  of  the 
subsoil. 

Let  us  now  turn  to  the  results  obtained  on  the  Melilotus  leucantha  plot.  As  shown 
in  Table  III.,  it  is  estimated  that,  in  1882  as  much  as  145  lbs.  of  nitrogen  was 
removed  in  the  crop,  and  samples  of  soil  taken  that  autumn,  to  the  depth  of  6  times 
9  inches,  or  54  inches  in  all,  showed  only  8 '4  5  lbs.  of  nitrogen  as  nitric  acid  remaining, 
which  was  17’8  lbs.  less  than  was  found  to  the  same  depth  in  the  Trifolium  repens 
plot  which  had  yielded  only  74  lbs.,  or  only  about  hnlf  as  much  in  the  crop  as  the 
Melilotus. 

After  1882,  however,  the  produce  of  the  Melilotus  declined  very  much,  and  in  1885 
the  yield  of  nitrogen  in  the  crop  was  estimated  at  only  58  lbs.,  against  97  lbs.  estimated 
to  have  been  removed  in  the  Trifolium  repens  crop.  Under  these  circumstances  the 
Trifolium  repens  soil  shows  even  rather  less  nitric  acid  than  the  Melilotus  soil,  in  the 
second,  third,  and  fourth  depths,  which  comprise  the  chief  range  of  action  of  the 
Tri folium  repens  roots.  At  every  depth  below  the  fourth,  however  (except  the  12th, 
where  the  difference  is  very  small),  there  is  notably  less  nitrogen  as  nitric  acid  in  the 
Melilotus  than  in  the  Trfolium  repens  soil,  the  Melilotus  having  yielded  so  much 
more  in  its  crops  in  the  preceding  years  than  the  Trifolium  repens.  To  the  total 
depth  of  108  inches  there  was  24‘69  lbs.  less  nitric  nitrogen  remaining  in  the  Melilotus 
than  in  the  Trifohum  repens  soil. 

Admittedly  we  cannot  know  what  was  the  stock  of  nitric  nitrogen  in  either  soil  at 
the  commencement  of  the  growth  of  the  season.  But  as  during  the  8  years  565  lbs. 
of  nitrogen  were  removed  in  the  Melilotus  crops,  against  only  261  lbs.  in  the  Trifolium 
repens,  or  more  than  twice  as  much  in  the  Melilotus  as  in  the  Trifoliiim  repens,  it 
may  be  supposed  that  the  Melilotus  would  both  leave  more  nitrogenous  crop-residue 
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for  nitrification,  and  with  its  deeper  roots,  would  each  year  the  more  exhaust  the 
nitric  nitrogen  especially  of  the  lower  layers.  Hence,  notwithstanding  the  much 
lower  yield  of  nitrogen  in  the  Melilotus  than  in  the  Trifolium  reipens  crop  in  1885, 
the  lower  layers  of  the  Melilotus  soil  contained  less  nitric  acid  than  those  of  the 
Trifolium  'j-ejjens  soil.  There  can,  indeed,  be  no  doubt,  that  the  Melilotus  derived  at 
any  rate  much  of  its  nitrogen  fi’oin  nitric  acid,  either  within  the  actual  range  of  its 
roots,  or  within  the  range  of  their  action  in  causing  the  passage  upwards  of  water 
with  its  dissolved  contents.  Still,  the  figures  show,'  that  with  the  comparatively 
limited  growth  in  the  recent  years,  there  remained  per  acre  about  56  lbs.  of  nitrogen 
as  nitric  acid  in  the  6  lower  depths  of  the  Melilotus  soil. 

But  by  far  the  most  striking  results  in  the  Table  are  those  relating  to  the  Medicago 
sativa  (lucerne)  soil,  and  to  the  comparison  betw’een  the  amounts  of  nitric  nitrogen  in 
the  soil  of  the  shallow  rooting  and  weakly  growing  Trifolium  repens  and  those  in  the 
soil  of  the  very  deep  and  strong  rooted,  and  very  free  growing  lucerne. 

Table  III.  shows  that  the  estimated  yields  of  nitrogen  per  acre  in  the  lucerne  were 
in  the  6  years,  1880-1885,  respectively  as  follows  : — 28  lbs.,  28  lbs..  Ill  lbs.,  143  lbs., 
337  lbs.,  and  233  lbs.  That  is  to  say,  with  the  increasing  root  range,  and  consequently 
increased  command  of  the  stores  of  the  soil  and  subsoil,  the  yield  of  nitrogen  in  the 
crop  increased  from  28  lbs.  in  the  first  and  second  years,  to  337  in  the  fifth  year  ; 
declining,  however,  somewhat  in  the  sixth  year,  1885,  and  it  did  so  still  further  in  1886. 

It  is  seen  that  under  these  circumstances  of  very  large  yields  of  nitrogen  in  the  crops, 
there  is,  at  every  one  of  the  twelve  depths,  less,  and  at  most  very  much  less  nitrogen 
as  nitric  acid  remainino'  in  the  soil  than  where  so  much  less  nitrogen  had  been  removed 
in  the  Trifolium  repens  crops.  The  difference  is  distinct  even  in  the  upper  layers,  but 
it  is  very  striking  in  the  lower  depths.  Thus,  there  is,  on  the  average,  not  one-twelfth 
as  much  nitric  nitrogen  in  the  lower  ten  depths  of  the  deep  rooting  and  high  nitrogen- 
yielding  Jiech’mpo  sot  wet  soil,  as  in  those  of  the  shallow  rooting  and  comparatively  low 
nitrogen -yielding  Trifolium  repens  soil.  Indeed,  the  nitric  acid  is  nearly  exhausted 
in  the  deep  rooting  Medicago  sativa  plot ;  there  remaining,  to  the  total  depth  of 
9  feet,  only  about  17  lbs.  of  nitric  nitrogen  against  more  than  100  lbs.  to  the  same 
depth  in  the  Trifolium  repens  soil.  The  total  deficiency  of  nitric  nitrogen  in  the 
Medicago  as  compared  wdth  the  Trifolium  rep)ens  soil,  is  seen  to  be  85 ’69  lbs. 
according  to  one  set  of  determinations,  and  83‘94  lbs.  according  to  the  other. 

As  already  said,  we  cannot  know  what  was  the  stock  of  nitric  nitrogen  in  the  soil 
at  the  commencement  of  the  growth  of  the  season,  or  the  amount  formed  during  the 
growing  period.  But  with  so  much  more  Medicago  growth  for  several  previous  years,  it 
seems  reasonable  to  assume  that  there  would  be  much  more  nitrogenous  crop-residue 
for  nitrification  than  in  the  case  of  the  Trifolium  repens  plot. 

But  even  supposing,  for  the  sake  of  illustration,  that  each  year’s  growth  would 
leave  crop-residue  yielding  an  amount  of  nitrogen  as  nitric  acid  for  the  next  crop,  or 
succeeding  crops,  approximately  equal  to  the  amount  which  had  been  removed  in  the 
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crop,  the  increasing  amounts  of  nitrogen  yielded  in  the  crops  from  year  to  year  could 
not  be  so  accounted  for ;  and  there  would  remain  the  amount  of  nitrogen  in  the  crop- 
residue  itself,  still  to  be  provided  in  addition.  In  fact,  assuming  the  proportion  of 
nitrogen  in  the  crop-residue  to  that  in  the  removed  crop  to  be  as  supposed  in  the 
above  illustration,  nearly  700  lbs.  of  nitrogen  would  have  been  required  for  the 
Medicago  crop  and  crop-residue  of  1884  ;  or  if  we  assume  the  nitrogen  in  the  residue 
to  be  only  half  that  in  the  crop,  about  500  lbs.  would  have  been  required.  Doubtless, 
however,  some  of  the  nitrogenous  crop-residue  would  accumulate  from  year  to  year. 

The  results  can  leave  no  doubt  that  the  Trifolium  rej^ens,  the  Melilotus  leucantha, 
and  the  Medicago  scctiva,  have  each  taken  up  much  nitrogen  from  nitric  acid  within 
the  soil.  But,  at  any  rate  so  far  as  the  Medicago  is  concerned,  there  is  nothing  in 
the  figures  to  justify  the  conclusion  that  the  whole  of  its  nitrogen  can  have  been  so 
derived.  It  is  obvious  that  if  nitric  acid  were  the  source  of  the  whole  there  must 
have  been  a  great  deal  formed  by  the  nitrification  of  the  nitrogen  of  the  subsoil.  The 
alternative  is — provided  the  atmosphere  be  not  the  source — that  the  deep-rooted 
plant  takes  up  nitrogen  from  the  subsoil  in  some  other  way. 

3.  Percentage  of  Nitrogen  in  the  Surface  Soils  of  the  Experimented  Plots. 

It  has  been  stated  in  general  terms  that,  although  much  more  nitrogen  had  been 
removed  from  the  leguminous  crop  soils  than  from  the  fallow-whear  land,  for  nearly 
30  years  prior  to  the  commencement  of  the  experiments  with  various  leguminous 
plants  in  1878,  yet  the  leguminous  crop  surface  soil  remained  rather  richer  in  nitrogen 
than  the  fallow-wheat  soil.  It  has  also  been  stated  that,  during  the  subsequent 
years  of  experiment  with  the  various  leguminous  plants,  the  surface  soil  had  gained 
rather  than  lost  nitrogen.  It  will  be  well  to  give  a  summary  of  the  actual  experi¬ 
mental  results  relating  to  these'  points. 

In  the  first  place  it  is  to  be  borne  in  mind,  as  Table  I.  (p.  5)  shows,  that  v,/hilst 
over  the  27  years  1851-1877  inclusive,  only  about  17  lbs.  of  nitrogen  were  removed 
per  acre  per  annum  in  the  wheat  grown  in  alternation  with  fallow,  there  was,  over 
the  29  years,  1849-1877  inclusive,  an  average  of  about  32  lbs.,  or  nearly  twice  as 
much,  removed  from  the  adjoining  clover  plots. 

During  the  years  1878,  1879,  and  1880,  the  yield  of  nitrogen  in  the  wheat  was 
about  the  same  as  the  average  of  the  preceding  27  years  ;  whilst  in  most  of  the 
leguminous  crops  the  yield  was  more  than  over  the  preceding  29  years.  In  the 
autumn  of  1880  all  the  plots  were  ploughed  ^ip,  and  at  the  end  of  March,  1881,  before 
resowing,  soil  samples  were  taken  from  five  places  on  the  leguminous  crop-land,  and 
also  from  five  on  the  portion  of  the  wheat  land  which  w^as  then  fallow.  The  samples 
were,  in  each  case,  ta.ken  to  the  depth  of  3  times  9  inches,  or  27  inches  in  all. 

It  has  already  been  stated  that  no  nitrogenous  manure  had  been  applied  to  either 
the  fallow-wheat,  or  the  leguminous  crop  land,  for  more  than  30  years  ;  but  that  to 
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the  leguniinoiis  crop  ln,nd  different  mineral  manures  had  occasionally  been  applied. 

They  were  as  follows  : — 

Plot  2.  Superphosphate  of  lime. 

Plot  3.  Sulphate  of  potash. 

Plot  4.  Sulphate  of  potash  and  superphosphate. 

Plot  5.  Salts  of  potash,  soda,  lime,  and  magnesia. 

Plot  6.  As  5,  with  superphosphate  in  addition. 

Soil  samples  were  taken  from  each  of  the  5  plots,  and  also  from  5  places  directly 
opposite  to  them  on  the  immediately  adjoining  fallow- wheat,  land.  Tire  following 
table  (V.)  shows  the  percentage  of  nitrogen  in  the  fine  sifted  surface  soil,  9  inches  in 
depth,  as  dried  at  100°  C.,  in  the  sample  from  each  plot.  It  also  shows  the  mean  for 
the  five  plots,  the  mean  of  determinations  made  on  mixtures  from  the  five  plots,  and 
the  general  means  of  these  two  sets  of  determinations.  It  should  be  added  that  each 
figure  given  is  the  mean  of  three  or  more  determinations  made  by  the  soda-lime 
method. 


Table  V. — Nitrogen  per  cent,  in  soil  samples  collected  March,  1881. 


Aitrogen  per  cent,  in  fine  surface  soil,  9  inches  deep.  Calculated  on  the  soil  as 

dried  at  100°  C. 


Leguminous  crop  soils. 

Pallow--\vlieat  soil. 

Per  cent. 

Per  cent. 

Plot  2 . 

OT064 

0-0938 

o 

0T036 

0-0930 

„  4 . 

0-0950 

0-0931 

„  5 . 

0-1100 

0-0957 

),  6 . 

0-1156 

0-1007 

Means . 

0-1061 

0-0953 

On  mixture . 

0-1055 

0-0984 

General  means  .... 

0-1058 

0-0969 

There  can  be  no  doubt  that  both  the  leguminous  crop  and  the  fallow-wheat  surface 
soils  had  lost  nitrogen  during  the  preceding  30  years  or  more  ;  but  whilst  in  1881  the 
surface  soil  of  the  plots  which  had  grown  many  leguminous  crops  showed  an  average 
of  0T058  per  cent,  of  nitrogen,  that  of  -the  plot  which  had  grown  wheat  in  alter¬ 
nation  with  fallow,  and  yielded  over  so  many  years  only  about  half  as  much  in  crops, 
contained  only  0-0969  per  cent.  It  may  be  thought  that  the  difference  is  not  great ; 
but  a  glance  at  the  details  which  give  these  means  can  leave  no  doubt  that  it  is  real ; 
nor  can  there  be  any  doubt  that  it  is  characteristic  also.  The  further  results  will 
afford  confirmation  of  this. 


QUESTION  OF  THE  SOURCES  OP  THE  NITROGEN  OF  VEGETATION.  15 

The  next  point  to  consider  is,  whether  the  continued  growth  of  the  various 
leguminous  crops  has  reduced  or  increased  the  stock  of  nitrogen  in  the  surface  soils. 
The  foregoing  Table  shows  that  in  1881  samples  were  taken  from  each  of  the  five 
differently  mineral-manured  plots,  but  in  1882,  1883,  and  1885,  when  samples  were 
taken  to  considerable  depths  for  the  determination  of  the  nitric  acid,  either  plot  4, 
plot  5,  or  plot  6  was  always  selected,  as  on  them  the  growth  was  better  than  on  either 
plot  2  or  plot  3. 

The  following  Table  (VI.)  summarises  the  percentages  of  nitrogen  in  the  surface 
soils  (9  inches  deep)  of  the  fallow-wheat  land,  of  the  Trifolium  repens  plots,  of  the 
Vida  sativa  plots,  of  the  Melilotus  leucantlia  plots,  and  of  the  Mexlicago  sativa  plots, 
in  the  years  as  indicated.  The  figures  are  as  before  in  all  cases  the  means  of  2,  3, 
or  more  determinations  on  each  sample.  In  each  case  the  results  given  in  the  first 
line  are  the  means  of  determinations  made  on  the  individual  samples  taken  from 
different  places  on  the  plot,  those  in  the  second  line  are  the  means  of  the  determina¬ 
tions  made  on  mixtures  of  the  individual  samples,  and  the  general  means  given  in  the 
third  line  are  the  means  of  the  results  on  the  individual  and  on  the  mixed  samples, 
taken  together.  It  may  be  further  explained  that  the  wheat-fallow  samples  were 
taken  in  1883  from  4,  and  in  1885  from  3  places  on  the  plot.  The  Trifolium  repens 
samples  were  taken  in  1882  from  2  places  on  plot  6,  in  1883  from  2  places  on  plot  4, 
and  in  1885  from  2  places  on  plot  5.  The  Vida  sativa  soils  were  taken  in  1883  from 
2  places  on  plot  4,  and  from  2  on  plot  6.  The  Melilotus  leucantlia  soils  were  taken  in 
1882  from  2  places  on  plot  5,  and  from  2  on  plot  6,  and  in  1885  from  2  on  plot  5. 
Lastly,  the  Medicago  sativa  soils  were  taken  in  1885  from  2  places  on  plot  5.  The 
determinations  were,  as  before,  made  by  the  soda-lime  method. 
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Table  VI. — ^Percentages  of  Nitrogen  in  tbe  fine  sifted  surface  soils  (9  inches  deep), 
reckoned  as  dry  at  100°  C.,  at  different  periods.  Samples  collected  July  26-31, 
1882  ;  July  17-26,  1883  ;  July  29-August  14,  1885. 


1882. 

1883. 

1885. 

Mean. 

Wheat-fallow  land. 

IMeans  on  individnal  .samples . 

Means  on  mixtures  of  indiwdual  samples 

Per  cent. 

Per  cent. 

01044 

01026 

Per  cent. 
01006 
01035 

Per  cent. 

01025 

01031 

General  means . 

01035 

01021 

01028 

Trifolium  repens  land. 

Means  on  individnal  samples . 

Means  on  mixtures  of  individual  samples 

01149 

01I3I 

01131 

01125 

01269 

01268 

01183 

01175 

General  means . 

01140 

01128 

01269 

01179 

Vioia  safiva  land. 

Mean  on  individual  samples . 

Mean  on  mixture  of  individual  samples  . 

01203 

01178 

01203 

01178 

General  mean . 

01191 

01191 

Melilotus  leucantha  land. 

■ 

Means  on  individual  samples . 

Means  on  mixtures  of  individual  samples 

01095 

01123 

01122 

01179 

01109 

01151 

General  means . 

01109 

.  . 

01151 

01130 

1  Medicago  saiiva  land. 

1 

Mean  on  individual  samples . 

Mean  on  mixture  of  individual  samples  . 

•• 

01214 

01224 

01214 

01224 

1 

General  mean . 

01219 

01219 

It  is  seen  that  even  the  fallow-wheat  soils  show  slightly  higher  percentages  of 
nitrogen  in  the  autumns  of  1883  and  1885  than  in  March,  1881  ;  but  the  later 
samples  were  all  taken  from  the  end  of  the  field,  the  samples  from  which  showed 
somewhat  higher  percentages  than  the  others  even  in  1881  ;  and,  as  the  figures  show, 
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the  increase  was  in  most  cases  much  greater  on  the  various  legnminons  plots.  Thus, 
comparing  the  final  means  in  the  foregoing  Table  with  those  in  Table  V.  (p.  1 4),  tlie  per¬ 
centage  in  the  wheat-fallow  soil  is  0'1028  against  0'09G9  in  1881  ;  in  the  Trifolium 
repens  soil  it  is  0T179,  in  the  Vida  sativa  soil  0T191,  in  the  Melilotus  leucantJia  soil 
0T130,  and  in  the  Medicago  sativa  boW  0T2i9,  against  a  general  mean  of  0T058  in  1881. 

It  should  be  stated  that  before  taking  the  samples  all  above-ground  growth  is 
carefully  cut  off  by  scissors  and  removed;  and  that  in  the  preparation  of  the  soil- 
samples  for  analysis,  all  roots,  indeed  all  visible  vegetable  debris,  is  carefully  picked 
out ;  so  that  the  results  only  include  the  nitrogen  of  that  part  of  the  crop-residue 
which  has  become  thoroughly  disintegrated,  and  may  be  considered  as  a  proper 
constituent  of  the  surface  mould.  It  maybe  further  stated  that  the  separated  residue 
from  the  leguminous  crop  soils  contained  more  nitrogen  than  that  from  the  wheat- 
fallow  soil. 

Going  a  little  more  into  detail,  it  is  seen  that  the  Trifolium  rip)ens  soil  shows 
a  mean  of  0T140  per  cent,  nitrogen  in  1882,  of  0T128  per  cent,  in  1883,  and  of  0T269 
per  cent,  in  1885.  That  is  to  say,  the  lowest  percentage  is  in  1883  when  there  had 
been  no  growth,  when  there  had  been  a  whole  season  for  the  disintegration  and  nitri¬ 
fication  of  the  residue  of  the  previous  year,  and  wdien  146  lbs.  of  nitrogen  as  nitric 
acid  were  found  to  the  depth  of  108  inches,  and  more  than  four-fifths  of  it  below  the 
surface  soil.  On  the  other  hand,  the  percentage  is  the  highest  in  1885,  when  nearly 
100  lbs.  of  nitrogen  had  recently  been  removed  in  the  crop,  and  the  crop-residue 
would  be  comparatively  large. 

In  the  Melilotus  leucantha  soil  somewdrat  more  nitrogen  was  found  in  1885,  wdiich 
was  the  eighth  year  of  continuous  crop,  than  in  1882,  which  was  only  the  fifth  season, 
but  which  yielded  more  than  twice  the  amount  of  nitrogen  in  the  crop,  and  left 
considerably  more  visible  and  separated  residue  in  the  surface  soil. 

Lastly,  of  the  Medicago  sativa  soils,  we  have  samples  only  in  the  sixth  year  of  the 
growth,  which  had  rapidly  increased  to  an  enormous  amount  in  the  fifth  year,  1884, 
and  yielded  very  large,  though  somewhat  less,  produce  in  1885.  Under  these 
circumstances  the  mean  percentage  of  nitrogen  in  the  surface  soil  is  0T219,  or  higher 
than  in  the  case  of  any  other  plant  or  year,  excepting  in  the  Trifolium  repens  soil  of 
the  same  year.  This  is  the  case  notwithstanding  that  more  visible  crop- residue  had 
been  separated  from  the  Medicago  sativa  soil  samples  than  from  any  ol‘  the  others  ; 
and  in  fact  about  three  times  as  much  as  from  the  Trifolium  reiJens  soils  of  the  same 
year.  Indeed,  it  w’as  estimated  that  the  separated  residue  from  the  Medicago  sativa 
soil-samples,  the  nitrogen  in  which  was  determined,  represented  a  removal  of  about 
100  lbs.  of  nitrogen  per  acre. 

Without  relying  on  the  exact  figures  as  representing  exact  gains  or  losses  of  nitrogen 
by  the  surface  soils,  we  think  it  will  be  granted  that  the  results  are  too  consistent  to 
leave  any  doubt  that  by  the  growth  of  the  leguminous  crops  the  surface  soils  had 
gained  nitrogen,  and  that  this  gain  bore  some  relation  to  the  amount  of  growth  and 
removal  in  the  crops. 

MDCCCLXXXIX. — B.  D 


18 


SIR  J.  B.  LAWES  AND  PROFESSOR  J.  H.  GILBERT  OH  THE 


If  then  the  surface  soils  have  gained  in  nitrogen,  it  is  obvious  that  they  have  not 
been  the  primary  source  of  the  nitrogen  taken  up  by  the  plants.  It  must  have  come 
either  from  above  or  from  below  the  surface  soil — from  the  atmosphere  or  from  the 
subsoil.  The  evidence  does  indeed  point  to  the  fact,  that  much  nitric  acid  results 
from  nitritication  of  nitrogen  accumulated  within  the  surface  soil.  But  as  this  nitrogen 
either  increases  or  does  not  diminish,  much  of  the  nitric  acid  produced  must  come 
from  some  other  source  than  what  may  be  called  the  original  stock  of  nitrogen  of  the 
surface  soil  itself.  Much  doubtless  comes  from  the  nitrogen  of  crop-residue,  itself 
derived  from  the  atmosphere  or  from  the  subsoil. 

Before  discussing  this  subject  further  it  will  be  well  to  call  attention  to  another 
remarkable  experiment,  showing  the  amount  of  nitrogen  that  may  be  taken  up  by  one 
leguminous  plant  growing  on  land  where  another  had  to  a  great  extent  failed. 


4,  Experiments  on  the  growth  of  Red  Clover  on  Bean-exhausted  Land. 

Tire  results  in  cpiestion  were  obtained  in  a  field  in  which  beans  had  been  grown 
almost  continuously  for  32  years,  but  had  considerably  declined  in  yield,  as  the 
following  Table  will  show  ; — 


Table  VII. — Quantities  of  Nitrogen  removed  per  acre  per  annum,  in  lbs.,  in  bean- 
crops,  over  four  periods  of  8  years  each.  Geescroft  Field,  Bothamsted. 


8  years, 
1847-1854. 

8  years, 
1855-1862. 

8  years, 
1863-1870. 

8  years, 
1871-1878. 

Average 

32  years, 
1847-1878. 

1.  Without  manure . 

2.  With  mineral  manure  containing  potash 

3.  W ith  mineral  manure  and  nitrogen  . 

lbs. 

48-41 

60-19* 

68-94 

lbs. 

25-26 

34-25 

36-87 

lbs. 

9-12 

23-46 

35-05 

lbs. 

16-36 
26-66 
28-69  - 

lbs. 

24-79 

35-36t 

42-39 

The  two  upper  lines  show  the  amounts  of  nitrogen  removed  per  acre  per  annum  in 
the  bean  crops  without  any  supply  of  nitrogen  by  manure.  It  will  be  seen  that  over 
each  period  of  8  years,  the  plot  receiving  a  mineral  manure  containing  potash  yielded 
considerably  more  nitrogen  than  the  one  without  any  manure.  In  both  cases,  however, 
there  was  considerable  decline  from  the  first  period  to  the  last.  Further,  whilst  over 
the  32  years  the  unmanured  plot  yielded  an  average  of  24'8  lbs.  of  nitrogen  per  acre 
per  annum,  that  with  the  potash  manure  yielded  3 5 '4  lbs.,  or  nearly  one-half  more, 
though  without  any  supply  of  nitrogen  from  without.  In  the  third  experiment,  where 
besides  the  potash  manure  some  nitrogen  was  applied,  in  the  early  years  as  ammonium 

*  Average  of  7  years  only,  results  not  available  for  1849. 
t  Average  31  years  only. 
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salts  and  in  the  later  as  sodium  nitrate,  there  is  some,  but  comparatively  little  increase 
in  the  amount  of  nitrogen  in  the  crop. 

In  connection  with  the  fact  of  the  gradual  decline  in  yield,  it  should  he  explained 
that  owing  to  failure  of  the  beans  there  was — in  the  second  period  one  year  of  fallow, 
and  one  year  of  wheat ;  in  the  third  period,  one  year  of  fallow ;  whilst  in  the  fourth 
period,  the  first  crop  failed,  and  the  land  was  left  fallow  during  the  second,  third,  and 
sixth  seasons.  The  yields  of  nitrogen  are,  however,  in  each  case,  averaged  for  the 
period  of  8  years. 

After  the  32nd  year,  1878,  the  land  was  left  fallow  for  between  four  and  five  years. 
Under  these  circumstances,  as  will  be  seen  presently,  the  stock  of  total  nitrogen  in  the 
surface  soil  had  become  very  low,  direct  determinations  of  the  nitrogen  as  nitric  acid 
showed  that  the  already  existing  amount  of  nitric-nitrogen  down  to  the  depth  of 
72  inches,  was  extremely  small,  whilst  after  several  years  of  fallow  there  would  be  a 
minimum  amount  of  crop-residue  remaining  for  nitrification. 

On  this  land,  exhausted  for  one  leguminous  crop,  barley  and  clover  were  sown  in 
the  spring  of  1883.  The  clover  grew  very  luxuriantly  from  the  first,  much  interfering 
with  the  growth  of  the  barley. 

In  our  jraper  in  the  ‘  Transactions  of  the  Chemical  Society,’  for  June,  1885,  we  gave  the 
amount  of  nitrogen  as  nitric  acid  found  to  the  depth  of  72  inches  on  the  plot  without 
manure,  in  that  with  the  mineral  manure  alone,  in  that  with  the  mineral  and  nitro¬ 
genous  manure,  and  in  that  with  farm-yard  manure.  We  further  estimated  that  the 
barley  and  clover  crops  would  probably  remove  more  than  200  lbs  of  nitrogen  per  acre. 
The  amounts  have,  however,  since  been  determined,  and  they  are  as  follows  : — 


Table  VIII. — Nitrogen  removed  per  acre  in  the  barle}^  and  clover  crops. 


Previous  condition  of  manuring’. 

1883. 

Barley  and 
clover. 

1884. 

Clover. 

1885. 

Clover. 

Total. 

lbs. 

Ib.s. 

lbs. 

lbs 

Without  maniTve  .  .  .  ' . 

45-0 

183-2 

52-7 

280-9 

Mineral  manure  and  some  nitrogen 

57-2 

193-1 

79-9 

330-2 

Mineral  manure  only . 

69'.3 

206-4 

81-6 

347-3 

It  should  be  stated  that  the  plots,  the  yield  of  nitrogen  of  which  is  here  given,  do 
not  exactly  correspond  with  those  as  given  m  the  preceding  Table,  some  of  the  crops 
being  taken  together  where  no  difference  in  the  produce  was  observable.  Thus  half 
the  plot  represented  as  without  manure  has  been  unmanured  from  the  commencement, 
that  is,  for  nearly  40  years,  the  other  half  having  received  small  quantities  of  nitrogen 
to  1878  inclusive,  but  has  since  been  entirely  unmanured.  Again,  the  results  given 
in  the  second  line  relate  to  the  produce  on  the  plot  with  the  purely  mineral  manure 
containing  potash,  given  in  Table  VIL  as  No.  2,  together  with  that  of  the  plot  No.  3  to 
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wliicli  some  ammonium  salts,  or  nitrate  had,  up  to  1878,  been  applied,  but  which  has 
received  no  manure  since.  The  results  given  in  the  third  line  of  the  above  Table  (YIII.), 
relate,  however,  to  a  plot  which  has  not  received  any  nitrogenous  manure  from  the 
commencement,  but  was  not  brought  into  experiment  until  five  years  later  than  the 
other  plots. 

Here  then,  in  a  field  where  beans  had  been  grown  for  many  years,  had  frequently 
yielded  only  small  crops,  and  sometimes  failed,  and  the  land  had  then  been  left  fallow 
for  several  years,  where  the  surface  soil  had  become  very  poor  in  total  nitrogen,  where 
both  surface  and  subsoil  were  very  poor  in  ready  formed  nitric  acid,  and  where  there 
was  a  minimum  amount  of  crop-residue  near  the  surface  for  decomposition  and 
nitrification,  there  were  grown  very  large  crops  of  red  clover  containing  very  large 
amounts  of  nitrogen.  On  a  plot  where  a  purely  mineral  manure,  containing  potash, 
had  been  applied  for  27  years  up  to  1878,  but  no  manure  whatever  since,  347  lbs.  of 
nitrogen  were  gathered,  almost  wholly  by  the  clover.  On  a  jolot,  on  half  of  which 
the  mineral  manure  only,  and  on  tlie  other  half  the  same  mineral  manure  with  some 
ammonium  salts  or  nitrate  had  been  applied  up  to  1878,  but  nothing  since,  330  lbs.  of 
nitrogen  were  removed  in  the  crops.  Lastly,  where  on  half  the  plot  there  had  been 
no  manure  whatever  for  nearly  40  years,  and  on  the  other  half  ammonium  salts  or 
nitrate  to  1878,  but  nothing  since,  281  lbs.  of  nitrogen  were  yielded  in  the  crops. 

It  may  be  said,  therefore,  that  about  300  lbs.  of  nitrogen  had  been  gathered  by  the 
clover  growing  on  a  soil  upon  which  beaus  had  yielded  smaller  and  smaller  crops,  and,  in 
fact,  had  eventually  practically  failed,  and  which  was  very  poor  both  in  total  nitrogen  near 
the  suiTace,  very  poor  in  ready  formed  nitric  acid  to  a  considerable  depth,  and  very  poor 
in  nitrogenous  crop-residue  for  nitrification.  If  therefore  the  clover  had  taken  up  its 
nitrogen  either  wholly  or  mainly  as  nitric  acid,  the  supply  could  not  be  due  to  recent 
C]‘op-residue. 

Not  only  was  so  much  nitrogen  removed  in  the  crops,  but  the  surface  soil  became 
deterniinably  richer  in  nitrogen,  as  the  following  results  will  show.  The  plots  are  the 
same  as  those  to  which  Table  VII.  refers  ;  and  the  determinations  are  those  made  in 
samples  of  surface  soil  collected  in  April,  1883,  before  the  sowing  of  the  barley  and 
clover,  and  in  November,  1885,  after  the  removal  of  the  crops. 
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Table  IX. — Nitrogen  per  cent.,  and  per  acre,  in  the  surface  soils,  before  and  after  the 
growth  of  the  barley  and  clover.  Geescrofb  Field,  E-othamsted. 


Nitrogen  in  sifted  dry  soil. 


Per  cent. 

Per  acre. 

1883. 

1885. 

1883. 

1885. 

1885 

+  or  -  1883.  j 

1.  Without  manure . 

2.  With  mineral  manure  containing  potash  . 

3.  With  mineral  manure  and  nitrogen  .... 

p.  c. 

0-0993 

0-1087 

0-1163 

p.  c. 

0-1083 

0-1149 

0-1225 

lbs. 

2441 

2672 

2859 

lbs. 

2662 

2824 

3011 

lbs.  i 

-h  221 
+  152 
+  152 

Without  assuming  that  the  figures  represent  accurately  the  amounts  of  nitrogen 
accumulated  per  acre,  it  cannot  be  doubted  that  the  surface  soils  had  become  con¬ 
siderably  richer.  If,  for  the  sake  of  illustration,  we  assume  that  300  lbs.  of  nitrogen 
were  removed  per  acre  in  the  crops,  and  200  lbs.  were  accumulated  in  the  surface  soil, 
we  have  500  lbs.  to  account  for  as  gathered  by  the  crops,  and  chiefly  by  the  clover, 
within  about  2  years. 

In  our  former  paper,  when  we  assumed  that  perhaps  200  lbs.  would  be  removed  in 
the  crops,  we  admitted  that  there  was  in  the  experimental  results  no  conclusive 
evidence  as  to  the  source  of  so  large  an  amount  of  nitrogen,  but  that  it  must 
obviously  have  been  derived  either  from  the  atmosphere  or  from  the  subsoil ;  and 
assumiirg  it  to  be  the  subsoil  rather  thair  the  atnrosphere,  the  question  arose  whether 
it  was  taken  up  as  iritric  acid,  as  ammoiria,  or  as  organic  nitrogen  ?  It  was  poiirted 
out  that  as  yet  no  direct  proof  existed  that  green-leaved  plants  did  take  up  the 
organic  nitrogeir  of  the  soil  as  such ;  and  that  although  there  was  more  evidence 
from  analogy  iu  favour  of  a  nitric  acid  source  than  of  any  other,  proof  was  equally 
wanting  to  establish  the  conclusion  that  so  much  nitrogen  had  been  available  as  nitric 
acid.  The  much  larger  airrounts  irow  known  to  have  been  gathered  by  the  clover 
crop,  of  course  renders  this  explanation  still  less  adequate. 

On  a  review  ’of  the  whole  of  the  results  that  have  been  adduced,  it  cannot  be 
doubted  that  nitric  acid  is  an  important  source  of  the  nitrogen  of  the  Leguminosse. 
Indeed,  so  far  as  existing  experimental  evidence  goes,  that  relating  to  nitric  acid 
carries  us  quantitatively  further  than  any  other  line  of  explanation.  But  it  is 
obviously  quite  inadequate  to  account  for  the  facts  of  growth,  either  in  the  case  of 
the  Medicago  sativa  grown  on  the  clover-exhausted  land,  or  in  that  of  the  clover  on 
the  bean-exhausted  land.  There  is,  in  fact,  nothing  in  the  results  relating  to  the 
clover  experiment  to  justify  the  conclusion  that  there  had  been  such  a  large  production 
of  nitric  acid  in  the  subsoil,  due  to  the  increased  development  of  the  nitrifying 
organisms  under  the  influence  of  the  leguminous  growth  and  crop-residue,  and  their 
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distribution,  favoured  by  the  action  of  the  roots,  and  the  increased  activity  in  the 
interchange  of  moisture  and  air  which  must  take  place  under  such  circumstances. 
Nor  is  it  explicable  how  such  large  cniantities  of  nitric  acid  could  have  been  produced 
as  w^ould  be  required  for  the  rapidly  increasing  growth  of  the  Medicago  saliva,  and 
for  the  large  amounts  of  nitrogen  in  it,  if  nitric  acid  had  been  the  exclusive  or  even 
the  main  source  of  supply. 

5,  Experiments  on  the  Nitrification  ofi  the  Nitrogen  of  Subsoils. 

In  our  paper  in  the  ‘  Transactions  of  the  Chemical  Society  ’  already  referred  to,  we 
showed,  in  the  case  of  some  j^rairie  land  subsoils,  that  their  nitrogen  was  susceptible 
of  nitrification,  and  that  when,  after  repeated  extraction,  the  action  became  very 
feeble,  or  ceased,  it  was  renewed  on  the  soils  being  seeded  by  OT  gTam  of  rich  garden 
mould,  which  would  contain  nitrifying  organisms.  Considering,  however,  that  from 
the  cmcumstances  of  the  collection  and  the  transmission  of  those  samples,  the  entire 
exclusion  of  comparatively  recent  organic  residue  from  the  upper  layers  was  uncertain, 
it  was  decided  to  experiment  in  a  similar  way  with  some  of  the  Hothamsted  raw  clay 
subsoils.  Those  selected  were  : —  • 

1.  A  mixture  of  samples  from  the  third  to  the  twelfth  depths  of  9  inches  each,  that 
is  representing  the  layer  of  90  inches  thick  from  19  to  108  inches  deep,  from  each  of 
3  out  of  the  4  holes  from  which  samples  were  taken  on  the  wheat-fallow  land  from 
July  17-26,  1883. 

2.  Similar  mixtures  from  the  third  to  the  twelfth  depths,  from  the  samples  taken 
from  July  17-26,  1883,  from  the  Trifolium  repens,  and  from  each  of  the  two  Vicia 
saliva  plots,  respectively. 

3.  From  holes  opened  specially  for  subsoil  samples  only,  one  on  the  wheat-fallow 
land,  on  May  7,  1886,  and  one  on  April  16,  1886,  in  a  field  where  red  clover  had 
been  sown  with  barley  in  rotation  in  the  previous  sprmg,  but  from  which  no  crop 
had  yet  been  taken. 

The  first  column  of  the  next  Table  (X.)  shows,  for  each  of  these  samples,  the 
percentage  of  total  nitrogen  calculated  on  the  dry  sifted  soil,  as  determined  by  the 
soda-lime  method ;  and  the  second  column  shows  the  quantity  of  already  existing 
nitric-nitrogen  per  million  of  fine  dry  soil  in  each  case.  The  other  columns  show  the 
amounts  of  nitiic-nitrogen  per  million  dry  soil,  as  deteimined  by  Schlcesing’s  method, 
in  watery  extracts  made  by  the  aid  of  the  water  pump,  after  successive  periods  of 
exposure  under  suitable  conditions  as  to  temperature  and  moisture.  In  the  case  of 
the  wheat-fallow  and  leguminous  crop  subsoils,  the  results  relating  to  which  are  given 
in  the  upper  two  divisions  of  the  Table,  they  were  each  seeded  by  the  addition  of 
OT  gram  of  rich  garden  soil  after  the  first  period  of  exposure  and  subsequent 
extraction,  and  again  by  the  addition  of  0'2  gram  after  the  third  period  and 
extraction.  These  experiments,  with  the  exception  of  the  determinations  of  the  total 
nitrogen,  were  made  in  the  Hothamsted  Laboratory  by  Mr.  D.  A.  Louis. 
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In  the  case  of  the  wheat-fallow,  and  rotation  clover  land  samples,  to  which  the 
bottom  division  of  the  Table  refers,  there  was  a  seeding  with  0'2  gram  of  the  garden 
soil  after  the  extraction  of  the  already  existing  nitric  nitrogen,  and  before  the  first 
period  of  exposure  ;  and  there  was  again  a  similar  seeding  of  the  “  seeded  ”  lots,  after 
the  third  period  of  exposure  in  the  case  of  the  wheat-fallow  subsoil,  and  after  the 
fourth  period  in  that  of  the  rotation  clover  land  subsoil.  There  was  also  added,  in 
the  case  of  the  wheat-fallow  subsoil  after  the  third,  and  in  that  of  the  clover  subsoil 
after  the  fourth  period,  0‘8  gram  of  a  mixture  of  1  part  potassium  phosphate,  1  part 
magnesium  sulphate,  and  5  parts  calcium  carbonate ;  the  mixture  containing  as 
impurity  0'000616  gram  nitrogen  per  gram. 


Table  X. 


— Results  showing  the  amount  of  the  Nitrification  of  the  nitrogen  of  subsoils. 


Nitro¬ 
gen 
in  fine 
dry 
soil. 

Nitrogen  as  nitric  acid  per  million  fine  dry  soil. 

Total. 

Origi¬ 

nal. 

Periods  of  exposure. 

1st. 

2nd. 

Srd. 

4th. 

5  th.  t 

Wheat-fallow  subsoils,  collected  July  17-26,  1883. 

Mixture  of  Srd- 12th  depths 

Per 

cent. 

Days. 

Days. 

Days. 

Days. 

Days. 

Days. 

Hole  1 . 

•0492 

0-77 

28 

•106 

28 

•109 

28 

-237 

28 

•247 

246 

•084 

358 

•783 

„  2 . 

•0562 

0-48 

28 

-071 

28 

•208 

28 

•043 

28 

•162 

246 

•225 

358 

•709 

,,  4 . 

•0484 

0-54 

28 

•127 

28 

•166 

28 

•066 

28 

•299 

246 

•224 

358 

•882 

Means  .... 

•0513 

0-60 

28 

•101 

28 

•161 

28 

•115 

28 

•236 

246 

•178 

358 

•791 

Leguminous  crop  subsoils,  collected  July  17-26, 

1883. 

Mixture  of  3rd-12th  depth 

S. 

Trifolium  repeiis.  Plot  4 

•0592 

2-50 

28 

•132 

28 

•083 

28 

•156 

28 

•303 

246 

•338 

358 

1-012 

Viciasativa.  „  4 

•0508 

1-63 

28 

•145 

28 

•015* 

28 

•185 

28 

•379 

246 

•375 

358 

1-099 

Vicla  sativa.  „  6 

•0360 

1-40 

28 

•108 

28 

•079 

28 

•176 

28 

•276 

246 

•421 

358 

1-060 

Means  .... 

•0487 

1-84 

28 

•128 

28 

•059 

28 

•172 

28 

•319 

246 

•378 

358 

1-056 

Wheat-fallow  samples  collected  May  7 

,  1886 

,  at  a  depth  of  5  feet.  Clover  land  samples  collected  April  16,  1886, 

at 

7  feet  4  inches  deep. 

TT  1  j  f  Wheat-fallow 

Unseeded 

•0768 

•0772 

0-720 

0-618 

28 

28 

•053 

•077 

35 

35 

•052 

•060 

49 

28 

•107 

-134 

129t 

30 

[•312]t 

•177 

139 

[358] 

241 

260 

•524 

•806 

Means  .  . 

•0770 

0-669 

28 

-065 

35 

•056 

39 

•121 

79 

-245 

„  ,  ,  j  Wheat-fallow 

[  Clover  laud 

•0768 

0-714 

28 

-140 

35 

•081 

49 

•118 

129t 

r-3581 

241 

•697 

•0772 

0-626 

28 

•262 

35 

•103 

28 

•437 

30 

•192 

139 

[•580] 

260 

1-574 

Means  .  . 

•0770 

0-670 

28 

•201 

35 

•092 

39 

•278 

79 

•275 

Referring  to  the  results,  it  is  in  the  first  place  to  be  observed  that  there  is  very 
considerable  variation  in  the  percentage  of  total  nitrogen  in  the  different  subsoils. 


*  Probably  too  low. 

t  The  number  of  days  represents  the  periods  of  e.xposure,  the  periods  of  activity  are  uncertain. 

J  The  figures  given  between  brackets  thus  [  ]  show  the  results  obtained  after  the  addition  of  the  mineral  mixture  described 
in  the  text. 
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Indeed,  so  variable  is  the  amount  of  nitrogen  in  samples  of  our  Rothamsted  subsoils 
taken  on  one  and  the  same  plot,  dependent  on  the  varying  proportions  of  clay,  sand, 
gravel,  chalk,  &c.,  that  as  we  have  fully  illustrated  in  former  papers,  no  estimates  of 
the  difference  in  the  amounts  of  total  nitrogen,  either  in  the  subsoil  of  the  same  plot  at 
different  periods,  or  in  the  subsoils  of  plots  differently  manured,  or  differently  cropped, 
can  be  relied  upon. 

Again,  as  the  amount  of  the  “original”  or  already  existing  nitric-nitrogen  is,  as  has 
been  very  fully  shown,  greatly  dependent  on  the  description,  and  on  the  amount  of 
crop  that  has  been  grown,  and  other  circumstances,  it  is  not  to  be  expected  that  it  would 
bear  any  direct  relation  to  the  richness  or  poverty  of  the  subsoil  in  total  nitrogen. 

Referrinsf  to  the  amounts  of  nitric-nitrogen  formed  in  the  different  subsoils,  and 
within  the  different  periods  of  exposure,  there  is,  as  is  to  be  expected  in  the  case  of 
an  action  depending  on  the  development  and  activity  of  an  organism  of  the  habits, 
requirements,  and  mode  of  action  of  which  we  know  but  little,  considerable  irregularity, 
both  from  period  to  period  with  the  same  sample,  and  within  each  period  with  the 
different  samples. 

Confining  attention  in  the  first  place  to  the  results  relating  to  the  wheat-fallow, 
and  the  leguminous  crop  subsoils,  recorded  in  the  upper  two  divisions  of  the  Table, 
it  will  be  seen  that  the  first,  second,  third,  and  fourth  periods  of  exposure  each 
comprised  28  days ;  whilst  the  fifth  period  extended  over  246  days,  or  about  35  weeks, 
during  a  considerable  portion  of  which,  however,  the  soils  had  doubtless  become  too 
dry  for  activity  and  nitrification.  It  is^  probable  that  a  period  of  28  days  is  too  short 
to  insure  the  active  development  of  the  organisms,  and  consequent  energetic  nitrifica¬ 
tion.  Then  again,  the  extraction  of  the  soils  by  water  under  pressure  must,  it  is  to 
be  supposed,  remove  some  of  the  organisms,  instead  of  allowing  of  themAiatural 
multiplication.  Comparison  of  the  results  from  period,  to  period  must,  therefore,  be 
made  with  some  reservation. 

But  apart  from  any  irregularities  in  the  case  of  individual  samples,  or  at  individual 
periods,  if  we  compare  for  each  period  the  mean  results  for  the  three  wheat-fallow 
samples,  with  the  means  for  the  leguminous  crop  subsoils,  it  is  seen  that  during  four 
of  the  five  jJeriods,  the  leguminous  crop  subsoils  show  considerably  more  nitrification 
than  the  wheat-fallow  ones ;  and  whilst  over  the  total  period  the  wheat-fallow  subsoils 
show  an  average  of  0‘791  nitrogen  nitrified  per  million  of  soil,  the  leguminous  crop 
subsoils  show  1'056  per  million. 

Ag  ain,  the  figures  in  the  bottom  division  of  the  Table,  relating  to  the  wheat-fallow 
and  the  rotation  clover  land  samples,  collected  in  the  spring  of  1886,  show  in  all  cases 
comparable  as  to  length  of  period,  more  nitrification  in  the  clover  land  than  in  the 
wheat-fallow  land  subsoil ;  and  this  is  so  both  with  the  unseeded  and  the  seeded 
samples. 

Thus,  then,  these  results  with  the  raw,  and  mostly  clay,  Rothamsted  subsoils, 
containing  not  more  than  6  or  8  parts  carbon  to  one  of  nitrogen,  confirm  those 
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previously  obtained  with  the  prairie  subsoils  containing  much  higher  proportion  of 
carbon,  in  showing  that  their  nitrogen  is  susceptible  to  nitrification,  provided  the 
organisms,  and  other  essential  conditions,  are  not  wanting.  These  new  results  also 
consistently  show  that  there  is  more  active  nitrification  in  the  leguminous  than  in  the 
gramineous  crop  subsoils.  This  it  must  be  supposed,  is  partly  due  to  more  active 
development,  and  greater  distribution,  of  the  organisms  themselves,  under  the  influence 
of  the  leguminous  growth,  with  its  excretions  and  residue,  and  partly  to  the  greater 
actual  amount  of  such  easily  changeable  matters. 

The  results  are  also  confirmed  by  those  of  experiments  made  in  the  Rothamsted 
Laboratory  by  Mr.  Wathngton,  for  the  most  part  on  quite  distinct  lines.  Thus,  in 
most  cases,  instead  of  determining  the  amount  of  nitrification  taking  place  in  the 
different  subsoils  when  exposed  under  suitable  conditions,  he  introduced  a  portion  of 
the  subsoil  into  a  sterilised  nitrogenous  liquid,  and  determined  whether  nitrification 
took  place ;  the  result  being  taken  to  show  whether  or  not  the  organisms  were  present 
in  the  subsoil.  In  the  first  experiments,  the  samples  were  taken  with  precautions  to 
avoid  any  contamination  by  roots  or  other  organic  matter,  and  the  conditions  of  the 
sterilised  liquids  were  such  as  the  experience  of  the  time  indicated  as  favourable  for 
nitrification.  Upon  these  results  he  says  (‘ Chem.  Soc.  Trans.,’  1884,  p.  645) :  “I  am 
disposed  to  conclude  that  in  our  clay  soils  the  nitrifying  organism  is  not  uniformly 
distributed  much  below  9  inches  from  the  surface.  On  much  slighter  grounds,  it  may 
perhaps,  be  assumed,  that  the  organism  is  sparsely  distributed  down  to  18  inches,  or 
possibly  somewhat  further.  At  depths  from  2  feet  to  8  feet,  there  is  no  trustworthy 
evidence  to  show  that  the  clay  contains  the  nitrifying  organism.  It  is  however 
probable  that  the  organism  may  occur  in  the  natural  channels  which  penetrate  the 
subsoil  at  a  greater  depth  than  in  the  solid  clay.” 

Subsequently  (‘ Chem.  Soc.  Trans.,’  1887,  p.  118)  he  experimented  wuth  a  greater 
variety  of  subsoils,  taking  samples  from  the  wheat-fallow,  the  Trifolium  repens,  the 
Melilotus  leucantha,  and  the  Medicago  saliva  subsoils,  when  these  were  exposed  for  the 
collection  of  the  samples  for  the  various  experiments,  our  own  results  relating  to  which 
we  have  given  in  some  -detail.  Further,  some  of  the  samples  were  now  taken  in  ihe 
immediate  neighbourhood  of  lucerne  roots,  and  gypsum  was  added  to  the  sterilised 
liquids. 

Among  the  69  trials  made  in  this  new  series  of  experiments,  there  was  no  failure 
to  produce  nitrification  by  samples  down  to  2  feet ;  there  was  only  one  failure  out  of 
1 1  trials  down  to  3  feet ;  but  below  3  feet,  the  failures  were  more  numerous.  Taken 
at  6  feet  about  half  the  samples  induced  nitrification.  The  order  of  priority  of 
nitrification  diminished  from  the  upper  to  the  lower  depths  ;  indicating  more  sparse 
occurrence,  and  more  feeble  power  of  development  and  action. 

Examination  of  the  results  shows,  liowever,  that  quite  consistently  with  those  which 
we  have  described,  there  was  notably  more  active  nitrification  with  the  leguminous 
than  with  the  gramineous  crop  subsoils.  Thus,  compared  with  the  results  yielded  by 
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the  wheat-fallow  subsoils,  those  bj  the  white  clover  subsoils  were  more  marked ;  but 
this  was  especially  the  case  with  the  lucerne  plot  subsoils,  of  which  more  samples,  and 
those  from  a  greater  depth.  Induced  nitrification.  The  same  is  also  observable  on  a 
comparison  of  the  results  obtamed  by  the  samples  from  the  wheat-fallow  plot,  with 
those  from  the  rotation  red  clover  plot. 

It  is  then  established  that  the  nitrogenous  matters  of  raw  clay  subsoils  are 
susceptible  of  nitrification,  if  the  organisms,  with  the  other  necessary  conditions,  are 
present.  It  is  further  indicated,  not  only  that  the  action  is  more  marked  under  the 
influence  of  leguminous  than  of  gramineous  growth  and  crop-residue,  but  that  the 
organisms  become  distributed  to  a  considerable  depth  even  in  raw  clay  subsoils, 
especially  where  deep-rooted  and  free-growing  Leguminosse  have  grown. 

The  next  question  is,  how  far,  in  a  quantitative  sense,  do  the  results  aid  us  in 
explaining  the  source  of  the  large  amounts  of  nitrogen  taken  up  by  some  leguminous 
crops — as  for  instance  in  the  case  of  the  Medicago  sativa  growm  on  the  clover- 
exhausted  land,  and  of  the  red  clover  grown  on  the  bean-exhausted  land. 

In  the  case  of  the  three  leguminous  crop  subsoils  there  was,  over  the  total  period, 
only  about  1  part  of  nitrogen  nitrified  per  million  of  soil ;  and  as  the  subsoil  to  the 
dej^th  experimented  on  would  weigh  about  30  million  lbs.  per  acre,  the  amount  of 
nitrification  supposed  would  represent  only  about  30  lbs.  per  acre.  Obviously,  the 
conditions  of  nitrification  in  which  the  samples  are  exposed  in  the  laboratory  are  very 
different  from  those  of  the  subsoil  in  situ.  Thus,  whilst  in  the  case  of  the  samples  in 
the  laboratory,  the  conditions  as  to  temperature  and  aeration  would  be  the  more 
favourable,  the  successive  extractions  by  water  under  pressure  would  be  liable  to 
remove,  not  only  the  mineral  matters  essential  for  the  development  of  the  organisms, 
and  for  the  production  of  nitric  acid,  but  the  organisms  themselves,  whereas  in  the 
case  of  the  natural  subsoil  the  tendency  would  be  to  multiplication. 

Compared  with  the  small  amount  of  nitrification  of  the  nitrogen  of  the  raw  clay 
subsoils  shown  in  the  foregoing  experiments,  in  which  some  of  the  conditions  were 
more  and  others  less  favourable  than  in  the  natural  subsoil,  the  following  results 
obtained  by  Mr.  Warington  (‘ Chem.  Soc.  Trans.,'  1887,  pp.  127-9),  show  how  very 
large  may  be  the  amount  of  nitrification  of  the  nitrogen  of  such  subsoils  under  more 
favourable  circumstances  than  those  of  them  natural  condition.  Thus,  he  mixed  raw 
clay  subsoil  with  an  equal  weight  of  coarsely  powdered  flint,  seeded  the  mixture  with 
rich  garden  soil,  moistened  it,  and  placed  it  in  a  vessel  allowing  for  free  access  of 
washed  air.  Under  these  conditions  he  found,  when  no  mineral  food  wms  added,  in 
one  case  2 ‘4,  and  in  another  3‘0  per  cent,  of  the  total  nitrogen  of  the  subsoil  nitrified  ; 
and  when  mineral  food  was  added,  he  found  in  one  case  4  per  cent.,  and  in  another 
3 ‘6  per  cent,  of  the  total  nitrogen  was  nitrified. 

Indeed,  the  greatest  difficulty  in  the  way  of  the  supposition  that  much  nitrogen  is 
available  to  plants  by  the  nitrification  of  the  nitrogen  of  the  subsoil,  is,  in  fact,  the 
want  of  sufficient  aeration.  Independently  of  the  greater  or  less  porosity  of  the  sub- 
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soil  itself,  and  of  the  channels  formed  by  worms,  it  is  obvious  that  wherever  the 
roots  go,  water  and  its  contents  can  follow  ;  and  that,  with  deep-rooted  plants  and 
free  growth,  there  will  be  active  movement  of  water,  and  there  must  be  of  air  also, 
in  the  lower  layers  of  the  soil.  In  our  former  paper  we  called  attention  to  the  fact 
that  in  the  experiments  in  1882,  with  the  greater  growth  of  the  Melilotus,  there 
remained  in  the  soil  less  water  than  in  that  of  the  Trifolium  repens  soil,  corresponding 
down  to  a  depth  of  54  inches,  to  a  loss  of  540  tons  per  acre,  or  nearly  5^  inches  of 
rain;  and  again,  in  1883,  the  Vida  saliva  soil  showed  down  to  108  inches,  less  water 
than  the  Trifolium  repens  soil,  in  amount  corresponding  to  between  600  and  700  tons 
per  acre,  or  to  between  6  and  7  inches  of  rain.  Obviously  too,  the  still  deeper  rooting, 
and  still  freer  growing  Medicago  saliva  would  remove  still  more  water. 

Although  much  experiment  and  much  calculation  have  been  devoted  by  several 
investigators  to  the  estimation  of  the  degree  of  aeration  of  soils  and  subsoils  of 
different  character,  the  data  at  command  do  not  justify  any  very  definite  conclusions 
on  the  subject.  The  results  seem  to  indicate  a  probable  range  of  aeration  from  about 
30  to  over  50  per  cent,  of  the  volume  of  the  soil.  But  these  estimates  do  not  take 
into  account  the  varying  amounts  of  water  in  the  soil  or  subsoil.  In  the  case  of  the 
subsoils  referred  to  in  this  paper,  each  layer  of  9  inches  in  depth  retained  from  about 
2  to  nearly  4  inches  of  water,  the  amount  varying  very  much  according  to  the  nature 
of  the  subsoil,  and  especially  according  to  the  amount  of  growth,  and  the  consequent 
withdrawal  of  water  from  below,  and  its  evaporation,  chiefly  through  the  plant,  but 
partly  also  from  the  surface  soil.  The  amount  must  obviously  also  vary  very  much 
according  to  the  character  of  the  season. 

It  may  here  be  observed  that  supposing  the  subsoil  contained  at  one  time,  air  equal 
to  one-third  of  its  volume,  this  would  not  sufiice  for  the  nitrification  of  as  much 
nitrogen  as  was  taken  up  for  several  years  in  succession  by  the  Medicago  saliva,  or 
during  two  years  in  the  case  of  red  clover  on  the  bean-exhausted  land.  But  the 
nitrogen  is  not  taken  up  all  at  once,  though  most  of  it  will  be  within  a  few  months 
of  the  year,  during  which  period  there  would  be  the  most  active  withdrawal  of  water 
from  below,  and  evapojation  by  the  plant  and  surface  soil.  The  replacement  of  this 
subsoil  water  by  an  equal  volume  of  air  would,  however,  still  not  sufiice.  The 
question  obviously  arises,  how  far,  or  how  rapidly,  the  used  up  oxygen  will  be 
replaced,  and  on  this  point  there  is  very  little  experimental  evidence  to  aid  us.  We 
shall  refer  to  the  subject  again  further  on. 

6.  Can  Rools,  by  virlue  of  llieir  Acid  Sap,  attack,  and  render  available,  llie  olkerivise 

insoluble  Nilrogen  of  ihe  Subsoil  ? 

Thus,  then,  although  the  evidence  is  clear  that  the  nitrogen  of  raw  clay  subsoils, 
which  constitutes  an  enormous  store  of  already  combined  nitrogen,  is  susceptible 
of  nitrification,  provided  the  organisms  are  j)resent,  and  the  supply  of  oxygen  is 
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sufficient,  yet,  the  data  at  command  do  not  indicate  tfiat  these  conditions  could  be 
adequately  available  in  such  cases  as  those  of  the  very  large  accumulations  of  nitrogen 
by  the  red  clover  on  the  bean-exhausted  land,  and  of  the  increasing  and  very  large 
accumulations  by  the  Medicago  sativa  for  a  number  of  years  in  succession. 

Accordingly,  on  September  3,  1885,  when  the  holes  were  open  for  the  soil  sampling 
on  the  Medicago  sativa  plot,  a  specimen  of  the  deep,  strong,  fleshy  root  of  the  plant 
Avas  taken,  and  on  examination  it  was  found  that  the  root- sap  was  very  strongly  acid. 
The  roots  of  three  plants  were  then  collected.  Of  these,  No.  1  bad  four  branches, 
Avhich  were  respectively — 6  feet  4^  inches,  5  feet  10|  inches,  3  feet  6-^  inches,  and 
2  feet  9^  inches  in  length  ;  No.  2  had  two  branches — 4  feet  10  inches  and  2  feet 
2  inches  in  length  ;  and  No.  3  had  two  branches,  respectively  3  feet  9  inches  and 
1  foot  9  inches  in  length. 

The  roots  were  rapidly  washed  in  distilled  water,  dabbed  with  clean  cloths,  weighed, 
rapidly  cut  into  small  pieces,  and  bruised  into  a  pulp  in  Wedgwood  mortars,  with  a 
measured  quantity  of  ammonia-free  distilled  water.  The  pulp  was  then  put  upon  a 
vacuum  filter,  and  the  resulting  extract  was  made  up  to  a  given  volume  with  pure 
distilled  water.  It  was,  however,  found  impossible  to  get  the  extract  perfectly  clear 
witliin  the  limited  time  it  could  be  exposed  to  treatment  without  risk  of  change,  and 
hence,  in  these  initiative  experiments,  it  was  dealt  with  whilst  still  somewhat  tm’bid. 

The  dry  matter,  ash,  and  nitrogen  were  determined  in  the  original  root,  in  the  root 
extract,  and  in  the  exhausted  root. 

The  important  question  was  whether  the  acid  root  juice  would  take  up  nitrogen 
from  a  raw  clay  subsoil  such  as  that  from  which  the  Melilotiis  leucantha,  the  Medicago 
sativa,  and  the  red  clover,  were  supposed  to  have  derived  such  large  quantities  in  some 
way.  Accordingly,  20  grams  of  subsoil  from  the  unmanured  wheat-fallow  plot  imme¬ 
diately  adjoining  the  Melilotus  and  Medicago  sativa  plots,  were  added  to  a  known 
quantity  of  the  acid  root  extract  in  a  stoppered  bottle,  well  shaken,  and  the  soil  and 
liquid  were  left  in  contact  for  some  weeks,  the  autumn  holidaj's  iirtervening.  It  was 
found,  however,  on  examination,  that  the  extract  had  lost,  and  the  soil  had  gained 
nitrogen,  nitrogenous  organic  matter  having  been  deposited. 

In  November,  1885,  one  of  the  Medicago  sativa  holes  was  reopened,  and  fresh 
quantities  of  root  were  collected.  These  were  prepared  in  substantially  the  same  wmy 
as  before,  but  with  much  greater  expedition,  more  persons  being  employed.  The 
roots  were  rapidly  passed  successively  through  4  basins  of  distilled  watei’,  which  was 
renewed  as  needed."^  They  were  then  dabbed  with  clean  dry  cloths  as  before, 
weighed,  cut  first  into  short  lengths,  and  then  into  very  small  pieces,  the  whole  being- 
kept  in  basins  covered  with  glass  plates  as  much  as  possible  to  lessen  evaporation. 
The  weight  was  then  again  taken,  a  known  quantity  of  pure  distilled  water  added, 
the  Avhoie  bruised  in  Wedgwood  mortars,  and  re-weighed. 

*  In  subsequent  experiments  it  bas  been  found  that  the  wasb- water  did  not  become  acid  during  the 
process. 
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One  weighed  portion  of  the  pulp  was  put  on  the  vacuum  filter  as  before,  and 
another  was  submitted  to  dialysis,  the  diluted  pulp  being  put  into  a  parchment  paper 
sausage  dialyser  which  was  then  placed  in  pure  distilled  water.  However,  neither 
the  vacuum  filtrate  nor  the  dialysate  was  quite  clear.  Both  these  extracts  showed  a 
less  degree  of  acidity,  and  it  was  evident  that  the  root  was  now  in  a  very  inactive 
state  compared  with  that  of  the  specimens  collected  early  in  September.  Various 
qualitative  examinations  were  made,  and  it  was  found  that  the  extracts  contained  a 
large  amount  of  nitric  acid.  It  was  decided,  however,  that  further  detailed  investi¬ 
gation  of  the  subject  must  be  postponed  until  the  return  of  the  actively  growing 
period. 

It  was  intended  to  undertake  the  subject  in  the  spring  and  summer  of  1886,  but 
owing  to  the  pressure  of  other  work  nothing  more  was  accomplished  than  the  com¬ 
parative  testing  of  the  acidity  of  the  sap  of  the  inots  of  a  number  of  plants  representing 
very  various  natural  families.  The  matter  was,  however,  again  taken  up  in  April, 
1887 ;  and,  benefiting  by  previous  experience,  some  advance  was  made,  but  still  the 
attempts  to  entirely  free  the  acid  extract  from  nitrogen  were  not  successful. 

It  is  of  interest  to  observe  that  the  degree  of  acidity  of  the  sap  of  the  roots 
collected  in  April,  May,  and  June,  that  is  during  the  periods  of  the  most  active 
growth  of  the  season,  was  considerably  higher  than  in  that  of  the  roots  collected  in 
September,  1885,  after  the  cutting  of  the  first  crop. 

The  investigation  is,  however,  at  present  little  more  than  commenced,  and  any 
further  reference  to  the  results  must  be  postponed  to  some  future  occasion. 

7.  Action  of  Dilute  Organic  Acid  Solutions  on  the  Nitrogen  of  Soils  and  Subsoils. 

In  the  autumn  of  1885,  when  it  was  found  necessary  to  postpone  further  experi¬ 
ment  with  the  acid  root-sap,  it  was  decided  in  the  meantime  to  examine  the  action  on 
soils  and  subsoils,  of  various  organic  acids,  in  solutions  of  a  degree  of  acidity  either 
approximately  the  same  as  that  of  the  Medicago  sativa  root  juice,  or  having  a  known 
relation  to  it.  The  acids  experimented  upon  were  the  malic,  citric,  tartaric,  oxalic, 
acetic,  and  formic. 

In  the  first  experiments,  pure  water,  and  dilute  solutions  of  malic,  citric,  tartaric, 
oxalic,  and  acetic  acids,  were  used ;  each  of  the  acid  solutions  being  of  approximately 
the  same  degree  of  acidity  as  the  sap  of  the  Medicago  sativa  roots  collected  in 
September,  1885,  that  is  after  the  removal  of  the  first  crop,  which  represented  the 
greater  part  of  the  growth  of  the  season.  The  subsoil  employed  was  a  mixture  of 
the  sifted  soil  of  the  fifth,  sixth,  seventh,  eighth,  ninth,  and  tenth  depths  of  9  inches 
each,  from  the  unmanured  wheat-fallow  land  immediately  adjoining  the  leguminous 
plots,  and  contained,  as  dried  at  100°  C.,  0'047  per  cent,  of  nitrogen. 

The  mixtures  were  made  in  wide-mouthed  stoppered  bottles,  in  the  proportion  of 
200  grams  of  the  subsoil  to  1000  c.c.  of  the  water  or  acid  solution.  After  being  well 
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shaken,  in  the  case  of  the  water,  the  malic  acid,  and  the  acetic  acid  extracts,  a  given 
quantity  was  drawn  off  at  the  expiration  of  one  hour.  The  remainders  of  these,  and 
the  mixtures  of  the  other  acid  solutions,  were  frequently  shaken,  finally  left  to  settle, 
and  after  contact  for  between  two  and  three  days  the  extracts  were  decanted  ofiP,  and 
the  soils  drained  on  a  vacuum  filter.  The  several  extracts  being  filtered,  portions  were 
at  once  evaporated  to  dryness  on  a  steam  bath,  and  the  nitrogen  iu  them  was  deter¬ 
mined  by  the  soda-lime  method.  The  actual  quantity  of  nitrogen  involved  in  each 
determination  was,  however,  so  small,  that  recourse  was  afterwards  had  to  Kjeldahl’s 
method ;  and  comparative  results  led  to  the  conclusion  that  those  obtained  by  it  were 
the  more  trustworthy.  Accordingly,  only  the  general  indications  obtained  by  the 
soda-lime  method  are  here  given. 

In  the  case  of  the  water,  and  of  the  malic  and  acetic  acid  solutions,  nitrogen  was 
taken  up  after  1  hour’s  contact  with  the  raw  clay  subsoil ;  the  most  being  taken  up 
by  the  malic  acid.  In  each  case,  after  contact  for  between  two  and  three  days,  the 
amounts  of  nitrogen  in  the  extract  were  less  than  after  only  1  hour’s  contact.  There 
had  thus  obviously  been  re-precipitation  of  nitrogenous  matter  at  first  taken  up,  and 
as  the  extracts  showed  scarcely  any  remaining  acidity,  the  explanation  seemed  to  be 
that  the  longer  the  contact,  the  more  was  the  acid  neutralised  by  the  fixed  bases  of 
the  subsoil.  Of  the  five  organic  acid  solutions  left  in  contact  between  two  and  three 
days,  the  malic  retained  the  most  nitrogen ;  next  came  the  acetic  and  tartaric,  then 
the  citric,  and  lastly  the  oxalic. 

In  a  second  series  of  experiments,  besides  the  same  five  acids  as  before,  formic  acid 
was  included.  The  acid  solutions  were  however  now  twice  as  strong  as  those  used 
in  the  first  series.  In  the  case  of  the  malic  acid,  the  periods  of  contact  were  1  hour 
and  48  hours,  and  in  that  of  each  of  the  others  1  hour  and  24  hours.  In  each  case 
the  acidity  of  the  solution  was  much  reduced  by  contact  with  the  subsoil,  and  m  each 
the  more  the  longer  the  contact.  Again  the  malic  acid  took  up  the  largest  amount 
of  nitrogen  ;  and  with  the  malic,  and  the  formic  acids,  less  was  found  in  the  extracts 
after  the  longer  periods  of  contact.  With  the  oxalic  acid,  however,  in  a  striking  degree, 
and  less  in  that  of  the  tartaric,  the  amount  of  nitrogen  taken  up  was  greater  after 
24  hours’  than  after  1  hour’s  contact,  probably  owing  to  the  precipitation  of  the  lime 
in  these  cases. 

It  was  next  decided,  with  the  view  of  getting  larger  amounts  of  nitrogen  taken  up, 
to  make  3  series  of  experiments  as  follows  : — 

1.  With  double  the  quantity  of  subsoil  to  a  given  volume  of  the  acid  solution. 

2.  With  double  the  quantity  of  acid  solution  to  a  given  quantity  of  the  subsoil. 

3.  To  add  a  second  quantity  of  the  acid  solution  to  the  already  once  extracted 
subsoil. 

Further,  it  was  decided  to  experiment  with  malic  acid  only  ;  and  for  comparison 
with  the  results  on  the  subsoil,  to  make  parallel  experiments  with  the  surface  soil  of 
the  Medicago  sativa  plot.  Lastly,  duplicate  determinations  of  the  nitrogen  in  the 
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extracts  were  made,  one.  by  the  soda-lime  method,  and  the  other  by  Kjeldahl’s 
sulphuric  acid  method. 

In  the  following  Table  the  results  obtained  in  these  experiments  by  Kjeldahl’s 
method  are  given. 


Table  XI. — Showing  the  amount  of  the  Nitrogen  of  surface  soil  and  subsoil  dissolved 
by  malic  acid  solution  of  approximately  twice  the  acidity  of  the  sap  of  the 
Medicago  sativa  roots  collected  in  September,  1885. 


9. 

Nitrogen  dissolved  per  million  soil. 

After  1  hour’s  contact. 

After  24  hours’  contact. 

400  grams  soil,  1000  c.c.  acid  solution,  each  extraction. 

iTTi  i  n  ^  -1  r  First  extraction . 

VV  iiGtiu-icillo  w  subsoil  VO  1  X  L* 

oGCOUCl  GXtrclctlOll  .... 

T  p  -T  r  First  extraction . 

Lucerne  suriace  sou  s  c-  j  i.  x- 

L  becond  extraction  .... 

Per  million. 

2-43 

2T9 

9-72 

6-08 

Per  million. 

1-82 

2T9 

8-51 

7'S9 

200  grams  soil,  1000  c.c.  acid  solution,  each  extraction. 

-ixTi,  j.  r  11  1  -if  First  extraction . 

VV  heat-tailow  subsoil  <  ^  i  x  x- 

[  becond  extraction  .... 

r  n  -if  First  extraction . 

Lucerne  suriace  soil  <  o  ^  .  ,■ 

1  becond  extraction  .... 

3- 28 

4- 03 

8-14 

4-35 

7-29 

3-61 

10-81 

7-31 

First  as  to  the  experiments  the  results  of  which  are  given  in  the  upper  division  of 
the  table,  in  which  400  grams  of  soil  were  mixed  with  1000  c.c.  of  acid  solution,  in 
each  extraction,  that  is  to  say,  after  the  removal  of  the  first  extract  by  decantation 
and  the  filter  pump,  a  second  quantity  of  the  acid  solution  was  added.  After 
1  hour’s  contact  with  the  subsoil,  the  liquid  remained  only  slightly  acid,  and  the 
amount  of  nitrogen  taken  up  was  very  small,  representing  only  2 '43  parts  per  million 
of  subsoil.  After  24  hours’  contact  the  liquid  was  still  less  acid,  and  the  amount  of 
nitrogen  found  in  the  extract  was,  calculated  per  million  of  subsoil,  considerably  less 
than  after  only  I  hour’s  contact. 

After  the  addition  of  a  second  quantity  of  the  acid  solution  to  the  already  once 
extracted  subsoil,  the  liquid  remained  much  more  acid  than  in  the  case  of  the  first 
extraction,  both  after  1  hour’s  and  24  hours’  contact.  Still,  the  amount  of  nitrogen 
taken  up  was  very  small ;  being  only  2T9  per  million  soil  after  1  hour’s,  and  the  same 
after  24  hours’  contact.  That  is  to  say,  with  the  greater  remaining  acidity  in  the 
second  extraction,  there  was  not  less  nitrogen  taken  up  after  24  than  after  1  hour’s 
contact.  It  may  be  observed  that,  under  these  conditions,  much  more  total  matter, 
remained  dissolved  in  the  second  than  in  the  first  extract. 
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Turning  now  to  the  parallel  results  obtained  with  the  lucerne  surface  soil,  which, 
though  poor,  still  contained  about  twice  and  a  half  as  much  nitrogen  as  the  subsoil,  it 
is  seen  that  much  more  nitrogen  was  found  in  the  extracts  than  in  those  from  the 
subsoil.  At  the  same  time  the  liquids  after  contact  showed  scarcely  a  trace  of  acidity, 
and  they  were  found  to  contain  much  more  of  other  dissolved  matters.  In  the  first 
extraction,  after  1  hour  9 ‘7  2,  and  after  24  hours  8 ’51  parts  of  nitrogen  were  taken  up 
per  million  of  soil;  and  in  the  second  extraction  6'08  and  7 '59  parts  per  million. 
That  there  was  less  nitrogen  taken  up  by  the  second  quantity  of  acid  than  by  the  first, 
is  doubtless  due  to  the  more  readily  soluble  portion  having  been  already  removed. 
Even  in  the  second  extraction  of  this  richer,  though  still  poor,  surface  soil,  about 
three  times  as  much  nitrogen  was  taken  up  as  from  the  subsoil. 

In  the  experiments  so  far  considered,  nearly  the  whole  of  the  acid  was  neutralised 
in  the  first  extraction  of  the  subsoil,  and  in  both  extractions  of  the  surface  soil.  In 
the  experiments,  the  results  of  which  are  recorded  in  the  lower  division  of  the  table, 
only  half  the  quantity  of  subsod  or  surface  soil  was  mixed  with  1000  c.c.  of  the  acid 
solution ;  and  here,  in  the  case  of  the  subsoil  the  liquids  remained  distinctly  acid  in 
the  first  extraction,  even  after  24  hours’  contact,  and  more  strongly  acid  in  the  second 
extraction.  In  the  case  of  the  surface  soil,  however,  in  the  first  extraction  the 
acidity  was  entirely  neutralised,  and  even  in  the  second  extraction  nearly  so. 

The  figures  show  that  considerably  more  nitrogen  was  taken  up,  even  from  the 
subsoil,  when  twice  the  quantity  of  acid  solution  was  used  to  a  given  quantity  of  it, 
and  when,  accordingly,  the  extracts  remained  more  or  less  strongly  acid.  In  the  first 
extraction  the  quantities  of  nitrogen  found  in  solution  were,  after  1  hour  3 '2  8,  and 
after  24  hours  7 '29,  per  million  soil ;  that  is  the  more  the  longer  the  contact  when  the 
liquid  remained  distinctly  acid.  In  the  second  extraction,  with  still  greater  remaining 
acidity,  the  amounts  were  4 '03  after  1  hour,  and  only  3 '61  after  24  hours.  That 
notwithstanding  there  was  much  more  remaining  acidity,  there  should  be  less  taken 
up  after  24  hours  in  the  second  than  in  the  first  extraction,  again  indicates  that  a 
certain  quantity  of  the  nitrogen  exists  in  a  more  readily  attackable  condition  than  the 
remainder.  It  may  be  added,  that  much  more  mineral  matter  as  well  as  nitrogen  was 
taken  up  with  the  larger  proportion  of  acid  solution  to  a  given  weight  of  the  subsoil. 

With  the  larger  quantity  of  acid  solution  to  a  given  weight  of  the  surface  soil, 
much  more  nitrogen  was  taken  up  than  under  parallel  conditions  with  the  subsoil. 
But,  in  the  first  extraction  there  was  little  more,  and  in  the  second  even  less,  than 
with  twice  the  quantity  of  the  surface  soil  to  a  given  quantity  of  the  acid  solution. 
In  fact,  there  was,  taking  the  two  extractions  together,  even  less  nitrogen  taken  up 
with  the  larger  than  with  the  smaller  proportion  of  acid  solution  to  a  given  weight  of 
soil ;  but  with  the  larger  proportion  there  was  much  more  mineral  matter  taken  up, 
whereby  the  acid  would  be  to  a  greater  degree  neutralised.  There  is,  both  after 
1  hour  and  after  24  hours,  much  less  nitrogen  taken  up  in  the  second  than  in  the  first 
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extraction  ;  again  showing  that  a  certain  proportion  of  tlie  nitrogen  of  tlie  soil  is 
more  easily  attacked  than  the  remainder. 

Ah  the  foregoing  results  illustrating  the  action  of  dilute  organic  acid  solutions  on 
the  organic  nitrogen  of  soils  and  subsoils  were  obtained  in  1885,  and  188G,  by  Mr. 
D.  A.  Louis,  and  the  strengths  adopted  had  reference  to  the  degree  of  acidity  of  the 
sap  of  the  lucerne  roots  collected  in  September,  1885,  after  the  main  gi'owth  of  the 
season  was  past.  But  finding  the  sap  so  much  more  strongly  acid  in  April,  1887, 
that  is  at  the  commencement  of  the  active  growth  of  the  season,  it  was  decided  to 
experiment  with  much  stronger  malic  acid  solutions. 

The  following  Table  gives  the  results  of  experiments  made  by  Dr.  N.  H.  J.  Miller  ; 
in  which  the  malic  acid  solution  was  of  approximately  10  times  the  acidity  of 
the  September,  1885,  root-sap,  and  the  mixtures  were  made  in  the  proportion  of 
200  grams  of  the  wheat-fallow  subsoil  to  1000  c.c.  of  the  acid  liquid.  As  before,  a 
portion  of  the  extract  was  removed  after  1  hour’s  contact,  and  the  remainder  after 
24  hours’.  A  second  quantity  of  the  acid  solution  was  then  added  to  the  already 
once  extracted  subsoil,  and  portions  were  examined  as  usual  after  1  hour’s  and  after 
24  hours’  contact. 

Table  XII. — Showing  the  amount  of  the  Nitrogen  of  subsoil  dissolved  by  a  malic 
acid  solution  of  a  degree  of  acidity  much  greater  than  that  of  lucerne  root-sap. 


Nitrogen  ditsolved  per  million  soil. 

After  1  hour’s  contact. 

After  24  hours’  contact. 

! 

T^M,  j.  £  11  1-1  f  First  extraction  ,  .  8*16 

VV  lieat-tallow  subsoil  s  ra  i  ^  j.*  i  t  i 

oecoiici  extraction  .  .  .  j  ii*7i 

13-75 

7-03 

Even  in  the  first  extraction  more  than  half  the  acid  remained  unneutralised,  and  a 
larger  proportion  still  im  the  second  extraction.  Under  these  conditions  of  constant 
excess  of  acid,  the  raw  subsoil  gives  up  considerably  more  nitrogen,  though  there 
was,  at  the  same,  time,  much  more  mineral  matter  taken  up.  In  the  first  extraction 
the  amounts  of  nitrogen  taken  up  per  million  subsoil  were  8’16  parts  after  1  hour, 
and  13 ‘75  parts  after  24  hours  ;  that  is  more  after  the  longer  contact.  In  the  second 
extraction,  however,  less  remained  in  solution  after  24  hours’  than  after  1  hour’s 
contact,  from  which  it  would  appear  that  nitrogen  once  taken  up  had  been  deposited. 

Obviously  the  conditions  of  experiments  in  which  an  acid  solution  is  agitated  with 
a  quantity  of  soil  are  not  comparable  with  those  of  the  action  of  living  roots  on  the 
soil.  The  root  action  would  necessarily  affect  only  a  very  small  proportion  of  the 
total  soil.  But  the  results  recorded  clearly  show  that  the  greater  the  acidity  of  the 
solution,  the  more  nitrogen  is  taken  up,  and  the  question  arises,  whether  the  root 
MBCCCLXXXIX. — B. 
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action  would  not  effect  more  resolution  on  the  surfaces  actually  attacked  ?  Indeed, 
this  must  necessarily  be  the  case  if  such  an  action  is  really  quantitatively  an  important 
source  of  the  nitrogen  taken  up  by  deep  and  strong  rooting  plants,  with  strongly  acid 
sap.  In  illustration  of  this  necessity  it  may  be  stated  that,  even  if  as  much  as 
20  parts  of  nitrogen  were  taken  up  per  million  of  soil,  as  was  the  case  in  the  last- 
mentioned  experiments  in  the  first  and  second  extractions  taken  together,  this  would 
only  represent  600  lbs.  of  nitrogen  per  acre  to  the  depth  examined,  namely 
108  inches. 

Upon  the  whole,  then,  the  experiments  on  the  action  of  weak  organic  acid  solutions 
on  raw  clay  subsoil,  or  even  on  a  poor  surface  soil,  have  not  given  results  from  which 
any  very  definite  conclusions  can  be  drawn,  as  to  the  probability  that  the  action  of 
roots  on  the  soil,  by  virtue  of  their  acid  sap,  is  quantitatively  an  important  source  of 
the  nitrogen  of  plants  having  an  extended  development  of  roots,  of  which  the  sap  is 
strongly  acid. 

That  roots  do  attack  certain  mineral  substances  by  virtue  of  their  acid  sap,  was 
established  by  Sachs.  He  sowed  seeds  in  a  layer  of  sand  on  polished  marble, 
dolomite,  and  osteolite,  and  he  found  that  the  polished  surfaces  were,  so  to  speak, 
corroded,  where  in  contact  with  the  roots.  In  regard  to  these  results,  Sachs  says  : 
(‘Text-Book  of  Botany,’  2nd  English  edition,  p.  702)  “every  root  has  dissolved  at 
the  points  of  contact  a  small  portion  of  the  mineral  by  means  of  the  acid  water 
which  permeates  its  outer  cell  walls,”  It  was  to  carbonic  acid  that  Sachs  attributed 
the  action  in  these  cases  •  but  there  seems  no  reason  to  suppose  that  other  acids  in 
the  root-sap  may  not  exert  a  similar  action.  The  results  which  have  hitherto  been 
published  have  however  reference  only  to  the  taking  up  of  mineral  substances  from 
the  soil  by  virtue  of  such  an  action ;  and  so  far  as  we  are  aware  the  possibility  or 
probability  that  the  nitrogen  of  the  soil  or  subsoil  is  so  taken  up  has  not  been 
considered. 

Provided  it  were  clearly  established  that  the  organic  nitrogen  of  the  soil,  and 
especially  of  the  subsoil,  was  rendered  soluble  by  the  action  of  the  acid  sap  of  the 
root,  the  question  would  still  remain,  whether  the  nitrogenous  body  is  merely 
dissolved,  and  taken  up  by  the  plant  as  such,  as  the  evidence  at  command  seems 
to  show  is  probable  in  the  case  of  the  fungi,  or  whether  the  nitrogenous  body,  after 
being  attacked  by  the  acid,  is  subjected  to  further  change  before  entering  the  plant  ? 
To  this  point  we  shall  recur  presently. 

Since  the  experiments  at  Bothamsted,  above  referred  to,  on  the  character  and  the 
action  of  the  root-sap  were  undertaken,  a  preliminary  notice  of  experiments  on  the 
nitrogenous  organic  compounds  of  the  soil  has  been  published  by  Dr.  G.  Loges 
(‘ Versuchs-Stationen,’  vol.  32,  p.  201).  He  found  that  the  hydrochloric  acid  extracts 
of  soils  rich  in  humus  left  on  evaporation  a  residue  containing  a  large  proportion  of 
the  nitrogen  of  the  original  soil.  In  his  notice  he  does  not  state  the  strength  of  the 
acid  used  ;  but  from  the  results  it  is  to  be  concluded  that  it  was  somewdiat  con- 
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centrated — indeed  of  a  strength  not  at  all  comparable  with  that  of  root-sap.  Then, 
the  soils,  the  results  relating  to  which  he  gives,  were  extremely  rich  in  nitrogen,  and 
in  this  respect  again  bear  no  comparison  with  the  subsoils  from  which  the  lucerne, 
and  other  plants  experimented  upon  at  Rothamsted,  are  supposed  to  have  taken  up 
much  nitrogen. 

Thus,  whilst  in  Loges’  experiments,  one  of  the  soils  acted  upon  contained  0’804, 
and  the  other  0'367  per  cent,  of  nitrogen,  the  surface  soil  of  the  lucerne  plot  at 
Rothamsted  which  yielded  such  large  amounts  of  nitrogen  in  the  crops  contained 
little  more  than  0‘120  per  cent.,  and  the  subsoil  from  which  a  large  quantity  of  the 
nitrogen  must  have  been  derived,  only  from  0'04  to  0’05  per  cent.  Again  of  the 
0'804  per  cent,  in  the  one  soil,  0‘322,  or  40  per  cent,  of  the  whole  was  taken  up  by 
the  acid,  and  of  the  0'367  per  cent,  in  the  other  soil,  0’083  or  22‘6  per  cent,  of  the 
whole  was  taken  up.  In  the  richer  soil  the  relation  of  carbon  to  nitrogen  was  as 
13 ’78  to  1,  and  in  the  other  as  11 '74  to  1,  whilst  the  relation  of  carbon  to  nitrogen 
in  the  hydrochloric  extract  was  in  the  case  of  the  richer  soil  6 ’8  to  1,  and  in  that  of 
the  other  about  11  to  1. 

By  phospho-tungstic  acid  Loges  obtained  precipitates  from  the  acid  extracts,  which 
in  the  case  of  the  richer  soil  showed  only  6'67,  and  in  that  of  the  other  5'74  carbon 
to  1  of  nitrogen.  In  reference  to  these  results,  it  may  be  observed  that  this  is 
approximately  the  relation  of  carbon  to  nitrogen  in  the  raw  clay  subsoil  at 
Rothamsted  below  the  depth  at  which  it  is  materially  affected  by  manuring  or 
cropping. 

Thus,  we  have  found  the  proportion  of  carbon  to  nitrogen  to  be  in  the  surface  soil 
of  rich  prau’ie,  or  permanent  grass  land,  between  13  and  14  to  1  ;  in  that  of  some¬ 
what  exhausted  arable  surface  soil,  between  10  and  11  to  1  ;  and  in  raw  clay  subsoil 
about  6  to  1. 

Loges  states  that  he  has  experimented  on  a  great  variety  of  soils,  and  that  he  has 
found  in  all,  without  exception,  that  the  hydrochloric  acid  extract  gives  the  phospho- 
tungstic  precipitate ;  and  he  hopes  soon  to  be  able  to  report  further  on  the  nature  of 
the  highly  nitrogenous  humic  compound  obtained.  It  would  thus  seem,  however,  to 
be  an  amide  or  peptone  body. 

It  is  of  much  interest  that  the  nature  of  the  nitrogenous  body  existing  in,  or 
dissolved  out  of,  soils  and  subsoils  should  be  determined  ;  and  to  this  end  it  seems 
desirable  to  act  on  soils  with  stronger  acids  than  those  hitherto  employed  in  our  own 
experiments.  But  results  so  obtained  can  obviously  have  only  an  indmect  bearing  on 
the  special  question  we  have  in  view,  namely — whether  roots  do,  by  virtue  of  their 
acid  sap,  attack  the  otherwise  insoluble  organic  nitrogen  of  the  soil  and  subsoil,  and 
either  take  it  up  as  such,  or  bring  it  into  a  condition  in  which  it  is  easily  susceptible 
to  further  change,  and  so  rendered  available  as  a  source  of  nitrogen  to  the  plant  ? 

Still  more  recently,  MM.  Berthelot  and  Andre  (‘ Compt.  Rend.,’  vol.  103,  1886, 
p.  1101,)  have  published  the  results  of  experiments  to  determine  the  character  of  the 
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insoluble  nitr9genous  compounds  in  soils,  and  of  the  changes  they  undergo,  when  sub¬ 
mitted  to  the  action  of  hydrochloric  acid,  of  various  strengths,  for  shorter  or  longer 
periods,  and  at  different  temperatures.  The  soil  they  employed  contained  0'1744  per 
cent,  of  nitrogen.  It  was  therefore  much  richer  than  our  lucerne  surface  soil,  and  about 
four  times  as  rich  as  our  wheat-fallow  subsoil.  It  was  shaken  in  a  flask  with  water, 
or  dilute  hydrochloric  acid,  in  the  proportion  of  500  grams  soil  to  1000  c.c.  liquid. 
The  clear  liquid  was  just  neutralised  by  potash,  then  made  slightly  acid,  calcined 
magnesia  added,  and  the  ammonia  distilled  off,  collected,  and  determined.  The 
remaining  liquid  was  then  acidified  by  sulphuric  acid,  evaporated  to  dryness,  and 
the  nitrogen  determined  by  the  soda-lime  method,  the  result  indicating  the  amount 
of  soluble  amide.  The  following  is  a  summary  of  their  results,  which  we  give  in  parts 
of  nitrogen  per  million  soil,  so  as  to  compare  with  our  own  : — 


I.  Pure  water . 

o  /  10  c.c.  hyclrocliloric  acid  to  400  water  1 

-  1  (=  HCI  3-5  gr.)  . . f 

q  /  50  C.C.  hydrochloric  acid  to  400  Avater  1 

1  (=  HCI  17-5  gr.)  . / 

.  f  100  c.c.  hydrochloric  acid  to  400  water  I 
1  (=HC135gr.) . / 


Nitrogen  per  million  soil. 


As  ammonia. 

As  soluble  amide. 

18 

5 

2 

18 

5 

2 

hours, 

days, 

hours, 

hours. 

days. 

hours, 

cold. 

cold. 

at  100°  C. 

cold. 

cold. 

at  100°  C. 

17 

8-3 

4-8 

875 

48-8 

2775 

30-25 

123-6 

14-4 

21-4 

lOI-O 

60-6 

90-5 

356  9 

14-9 

30-4 

1 24- 1 

68-6 

96-5 

430-3 

The  authors  call  attention  to  the  facts,  which  are  clearly  brought  to  view  in  the 
above  arrangement  of  their  results,  that  the  amounts,  both  of  ammonia,  and  of  soluble 
amide  obtained,  increase  with  the  strength  of  the  acid,  the  time  of  contact,  and  the 
temperature.  They  point  out  that  these  are  products  of  the  action  of  the  acid  on 
certain  insoluble  nitrogenous  bodies  in  the  soil,  and  that  the  reaction  is  similar  to  that 
which  they  have  observed  in  the  case  of  urea,  asparagin,  and  oxamid — that  is  with 
well  defined  amides.  TTie  insoluble  nitrogenous  compounds  in  the  soil  are  in  fact,  as 
previously  supposed,  amide  bodies.  They  also  call  attention  to  the  fact  that  when  the 
clear,  filtered,  acid  extract  is  exactly  neutralised  by  potash,  one  portion  of  the  amide 
still  remains  soluble,  whilst  another  is  precipitated,  showing  that  the  amides  rendered 
soluble  constitute  two  groups.  The  fact  of  such  re-precipitation  is  quite  in  accordance 
with  the  results  obtained  in  our  own  ex|)eriments,  in  which  less  nitrogen  remained 
dissolved  after  24  than  after  only  1  hour’s  contact,  when,  with  the  longer  contact,  tlie 
acidity  of  the  extract  became  neutralised. 

A  special  point  of  interest  in  these  results,  as  compared  with  those  of  Loges,  is  in 
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the  gradation  of  effect  under  the  varying  conditions  as  to  strength,  time,  and 
temperature,  and  in  the  evidence  as  to  the  proportion  of  the  total  nitrogen  taken  up, 
which  is  found  as  ammonia.  The  proportion  of  ammonia-nitrogen  to  amide-nitrogen 
ranges  from  about  I  to  5  to  1  to  3,  dependent  on  tlie  conditions.  According  to  the 
figures,  it  would  seem  that  the  proportion  of  the  total  nitrogen  dissolved  which  is 
determined  as  ammonia  is  the  greater,  the  stronger  the  acid  and  the  longer  the 
contact. 

As  in  Loges’  experiments,  so  in  these  of  MM.  Berthelot  and  Andre,  the  strength 
of  acid  used  was  in  all  cases  much  greater  than  that  in  any  of  the  Rothamsted  experi¬ 
ments,  and  very  much  greater  tlian  is  likely  to  occur  in  any  root-sap.  Indeed,  not 
only  was  the  soil  operated  upon  by  MM.  Berthelot  and  Andre  about  four  times  as 
rich  in  nitrogen  as  the  Rothamsted  subsoils,  but  in  the  most  extreme  case,  that  with 
the  strongest  acid,  and  a  temperature  of  100°  G.,  nearly  one-third  of  the  total  nitrogen 
of  the  soil  was  dissolved.  Hence,  although  their  results  are  of  great  interest  as 
indicating  the  character  of  the  nitrogenous  bodies  existing  in  soils,  and  of  the  changes 
to  which  they  are  subject  when  acted  upon  by  acids,  they,  like  those  of  Loges,  have 
only  an  indirect  bearing  on  the  question  whether  by  the  action  of  the  organic  acids  of 
the  root-sap,  the  insoluble  organic  nitrogen  of  the  soil,  and  especially  of  the  subsoil, 
is  rendered  available  as  a  source  of  nitrogen  to  the  plant,  Supposing  this  to  be  the 
case,  as  already  said,  the  further  question  still  remains — whether  the  dissolved  amide  is 
taken  up  as  such,  or  whether  it  is  subject  to  further  change  within  the  soil  before 
serving  as  food  for  the  plant  ? 

The  fact  that  the  formation  of  ammonia  seems  to  be  an  essential  element  in  the 
reaction,  points  to  the  conclusion  that  at  any  rate  part  of  the  nitrogen  liberated  from 
the  insoluble  condition  is  available  in  other  forms  than  as  soluble  or  dissolved  amide  ; 
and,  as  our  experiments  show  that  nitric  acid,  as  well  as  ammonia,  is  a  constituent 
of  the  root-sap,  the  question  arises — whether  the  liberated  ammonia  is  oxidated 
into  nitric  acid  before  being  taken  up  Then,  again,  is  the  soluble  amide  taken  up 
as  such,  or  subjected  to  further  change,  perhaps  first  yielding  ammonia,  and  this  again 
nitric  acid  ? 

On  this  supposition  we  are  met  again  with  the  difficulty  as  to  the  sufficient  aeration 
of  the  subsoil  for  such  a  purpose.  It  has  already  been  pointed  out,  that  such  evidence 
as  exists  on  the  subject  clearly  shows  that  the  amount  of  oxygen  vfithin  the  soil  at 
any  one  time  is  totally  inadequate  for  the  nitrification  of  the  amount  of  nitrogen  taken 
up  by  some  plants  within  the  season  ;  whilst  the  replacement  by  air  of  the  Avater 
evaporated  would  still  be  quite  insufficient.  With  what  rapidity,  or  to  Avhat  extent, 
the  oxygen  of  the  subsoil  air  would  be  replenished  from  above  as  it  is  used  up,  there 
is  no  exnerimental  evidence  at  command  to  show.  But  Avhether  this  would  take 

i. 

place  adequately  or  not,  it  must  be  supposed  that  it  would  occur  to  some  extent. 

Turning  to  the  alternative  aspect,  inasmuch  as  the  insoluble  organic  nitrogen  of  the 
soil  exists  in  the  condition  of  amide  bodies,  and  the  chief  first  |)roduct  of  the  action  of 
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acids  is  soluble  amide,  it  is  of  interest  to  consider,  whether  plants  can  take  up  sucn 
bodies  and  assimilate  their  nitrogen  ?  There  can  be  little  doubt  that  fungi  can 
utilise  both  the  organic  carbon  and  the  organic  nitrogen  of  the  soil,  though  they  seem 
to  develop  the  more  freely  when  the  humic  matters  have  not  undergone  the  final 
stages  of  change  by  which  the  compound  of  so  low  a  proportion  of  carbon  to  nitrogen 
as  is  found  in  raw  subsoils,  has  been  produced. 

8.  Evidence  as  to  whether  Chlorojdiyllous  Plants  can  take  wp  Complex  Nitrogenous 

Bodies,  and  Assimilate  their  Nitrogen. 

The  first  direct  experiments  to  determine  whether  green  leaved  plants  can  take  up 
organic  nitrogen  were  made  in  1857  by  Dr.  (now  Sir  Charles)  Cameron.  He 
experimented  with  barley,  in  an  artificial  soil,  and  found  that  when  urea  was  the 
only  soil-source  of  nitrogen,  the  plants  grew  luxuriantly,  and  took  up  much  of  the 
nitrogen  so  supplied.  Ammonia  was  not  detected  in  the  soil.  Hence  he  concluded 
that  the  urea  was  taken  up  by  the  plant  as  such.  No  reference  is  made  to  nitric  acid, 
and  in  the  absence  of  evidence  to  the  contrary,  it  is  possible  that  nitrates  were 
formed,  and  served  as  the  source  of  nitrogen  to  the  plants. 

In  1861,  Professor  S,  W.  Johnson,  of  Yale,  made  experiments  with  maize  in  an 
artificial  soil.  A  given  quantity  of  nitrogen  was  supplied,  in  one  case  as  uric  acid,  in 
R  second  as  hippuric  acid,  and  in  a  third  as  guanine.  Compared  with  l  esults  in  a 
control  experiment  without  nitrogenous  supply,  the  growth  was  very  greatly 
increased ;  and  there  was  no  doubt  that  the  substances  named  had  supplied  nitrogen 
to  the  plants.  Professor  Johnson  states,  that  the  conditions  of  the  experiments  were 
not  SRch  as  to  demonstrate  that  the  nitrogenous  organic  bodies  entered  the  ])lants 
without  previous  decomposition,  but  from  the  results  of  Cameron,  and  of  Hampe,  he 
concludes  that  this  was  the  case, 

In  1865,  1866,  and  1867,  Dr.  W.  Hampe  (‘ Yersuchs-Stationen,’  vol.  7,  p.  308, 
yol.  8,  p.  225,  voL  9,  p.  49,  and  vol,  10,  p.  175)  made  several  series  of  experiments,  all 
by  the  water-culture  method.  Maize  was  the  plant  selected,  and  the  sources  of 
nitrogen  supply  were — urea,  ammonium  phosphate,  uric  acid,  hippuric  acid,  and 
glycocoll. 

At  first  the  experiments  with  urea  were  not  very  successful,  apparently  owing  to 
an  unfavourable  condition  of  the  solutions  as  to  mineral  supply.  Afterwards  the 
plants  produced  wei'e  nearly  as  good  as  those  grown  in  a  garden ;  ripe  seeds  being- 
formed,  which,  when  sown,  germinated. 

Urea  was  found  in  the  leaves,  stems,  and  roots.  Small  quantities  of  ammonia  were 
sometimes  found  in  tbe  solutions,  but  only  when  there  was  some  decomposition  of  the 
roots  or  their  excretions,  and  such  formation  of  ammonia  was  tbe  most  prominent 
after  the  blooming.  To  obviate  such  formation  as  far  as  possible,  the  solutions  were  in 
the  later  experiments  frequently  renewed.  In  corresponding  solutions  without  plants. 
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ammonia  was  only  found  twice  tliroughout  the  summer.  Neither  nitrates  nor  nitrites 
were  ever  found  in  the  solutions. 

Hampe  concluded  tliat  the  urea  was  taken  up  by  the  plants  as  such,  and  that  it 
served  as  a  source  of  nitrogen  to  them.  This  result  he  considered  not  inconsistent  with 
the  view  that  plants,  other  than  fungi,  cannot  utilise  products  of  the  plant  itself,  such 
as  the  alkaloids,  which  they  can  no  more  assimilate  as  a  source  of  nitrogen,  than  they 
can  sugar  as  a  source  of  carbon.  (Jrea  being,  on  the  other  hand,  a  product  of  the 
degradation  of  animal  substance,  there  seemed  no  reason  why  it  should  not  serve  as  a 
source  of  nitrogen  to  plants. 

In  his  experiments  with  ammonia  Hampe  used  the  phosphate  ;  and  small  and  large 
maize  were  the  plants  selected.  In  their  early  stages  the  plants  seemed  to  suffer 
rather  than  to  benefit  by  the  ammoniacal  supply  ;  but  eventually  they  gave  good 
growth;  and  produced  ripe  seeds,  which  on  being  re-sown  germinated* 

In  the  experiments  with  uric  acid  the  same  descriptions  of  maize  were  employed. 
The  solutions  were  frequently  renewed,  and  in  those  which  were  removed  ammonia 
was  always  found,  but  not  uric  acid.  But  even  in  solutions  without  a  plant  the  uric 
acid  rapidly  decomposed.  From  the  results  it  was  concluded  that  the  uric  acid  had 
served  as  a  source  of  nitrogen  to  the  plants  ;  though  probably  not  directly,  but  by  its 
products  of  decomposition. 

In  the  case  of  hippuric  acid,  applied  as  hippurate  of  potash,  and  to  the  same 
descriptions  of  plant,  the  growth  was  somewhat  dwarf ;  but  seeds,  which  were  found 
to  germinate,  were  produced.  Benzoic  acid  was  always  found  in  the  solutions  after 
vegetation,  and  also  in  corresponding  solutions  without  a  plant.  In  both  cases  a 
mould  formed  on  the  surface,  but  not  in  the  body  of  the  liquid.  The  question  arose 
whether  the  benzoic  acid  Was  only  formed  in  the  solution  under  the  influence  of  the 
mould  acting  as  a  ferment,  or  whether  in  part  in  the  plant  itself,  glycocoll  being  at 
the  same  time  produced,  and  serving  as  the  nitrogenous  supply  ?  If  the  latter  were 
the  case,  the  action  would  be  the  convrese  of  that  which  takes  place  in  the  animal, 
when  benzoic  acid  unites  with  glycocoll,  forming  hippuric  acid,  which  is  eliminated. 

Direct  experiments  v/ere  also  made  with  glycocoll  itself.  With  it,  the  plants  were 
better  than  in  any  of  the  other  experiments.  At  each  renewal  of  the  solution,  the 
old  liquid  was  examined  both  for  glycocoll  and  for  ammonia.  Glycocoll  was  always 
found,  but  ammonia  only  in  very  small  (^[uantity,  and  its  occurrence  was  apparently 
connected  with  decomposition  of  plant-substance.  Hampe  concluded  that  glycocoll 
was  as  available  as  nitrogenous  food  to  plants  as  nitric  acid. 

In  1868  Dr.  P.  Wagner  (‘ Versuchs-Stationen,’  vol.  11,  p.  287)  made  experiments 
in  continuation  of  those  by  Hampe  above  described.  He  repeated,  with  some  modifi¬ 
cations,  the  experiments  with  ammonium  salts,  hippuric  acid,  and  glycin,  and  also 
experimented  with  kreatin. 

With  ammonium  phosphate  good  growth  was  obtained.  Neither  niti’ate  nor  nitrite 
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could  be  found  in  tlie  plant,  and  it  was  concluded  that,  as  in  Hampe’s  experiments, 
the  ammonia  had  served  as  a  supply  of  nitrogen. 

When  ammonium  carbonate  was  used,  nitric  acid  was  found  both  in  the  solution 
and  in  the  plant ;  and  it  was  concluded  that  the  ammonia  had  not  served  directly  as 
a  supply  of  nitrogen. 

In  Hampe’s  exjDeriments  with  hippuric  acid,  it  was  proved  that  it  served  as  a 
supply  of  nitrogen  to  the  plant ;  but  as  benzoic  acid  was  found  not  only  in  the 
vegetation  solution,  but  in  a  corresponding  solution  without  a  plant,  and  there  was, 
in  both  cases,  fungoid  growth  on  the  surface,  it  was  uncertain  whether  the  breaking 
up  of  the  hippuric  acid  had  taken  place  only  externally  to  the  plant,  under  the 
influence  of  the  fungus  acting  as  a  ferment,  or  also  within  the  plant  itself,  benzoic 
acid  being  excreted.  By  excluding  the  access  of  the  air,  and  by  frequently  passing- 
carbonic  acid  through  the  solutions,  the  formation  of  the  fungus  was  prevented. 
Benzoic  acid  was,  however,  still  found  in  the  plant-solution,  but  not  in  the  solution 
without  a  plant. 

Wagner  concluded  that  hippuric  acid  was  broken  up  within  the  plant  itself, 
benzoic  acid  being  excreted,  and  that  it  also  suffered  decomposition  in  the  solution  by 
the  agency  of  the  fungus. 

Hampe  had  obtained  very  good  growth  with  glycin,  but  Wagner  thought  it 
desirable  to  prevent  the  formation  of  the  mould  on  the  surface  of  the  solution.  This 
he  succeeded  in  doing  by  frequently  passing  carbonic  acid  through  it,  and  glycin  was 
then  easily  detected  in  it.  Ammonia  was  only  found  when  there  was  some  decay  of 
the  roots.  Wagner  concluded  that  the  glycin  had  been  taken  up  by  the  plant  as 
such,  and  had  contributed  nitrogen  to  it. 

Kreatin  v/as  used  as  being  closely  allied  to  urea,  which  had  been  proved  to ’serve  as 
a  supply  of  nitrogen  to  plants.  For  some  time  neither  mould,  nor  ammonia,  nor 
smell,  was  developed  in  the  vegetation-solution  ;  when  they  were,  it  was  renewed  ;  and 
some  ammonia  again  appeared  when  the  roots  showed  signs  of  decay.  Wagner  could 
not  detect  kreatin  in  the  plant,  as  Hampe  had  urea.  But  from  its  constant  presence 
in  the  solution,  and  the  very  little  development  of  ammonia,  he  concluded  that  it 
served  as  nitrogenous  food  to  the  plant  as  did  urea. 

Wagner  considered  it  established  that  the  higher  plants  can  obtain  nitrogen  from 
complex  organic  bodies  as  well  as  from  ammonia  and  nitrous  and  nitric  acids,  and  that 
thus  the  doctrine  of  the  nutrition  of  plants  was  much  extended.  He  did  not  suppose 
that  such  a  source  was  essential,  and  whether  in  the  case  of  plants  growing  in  soil 
such  substances  would  serve  as  a  direct  supply  would  depend  on  the  length  of  time 
they  could  remain  in  such  a  medium  in  an  undecomposed  condition. 

The  last  experiments  of  this  description  to  notice  are  those  of  W.  Wolff  with 
tyrosin  (‘ Versuchs-Statlonen,’  vol.  10,  p.  13).  He  had  formerly  experimented  with 
Knop,  on  leucine,  tyrosin,  and  glycocoll ;  and  he  now  repeated  the  experiment  with 
tyrosin,  to  determine  whether  it  served  directly,  or  only  by  its  products  of  decompo- 
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sition,  as  the  source  of  nitrogen.  To  this  end  the  water-culture  method  was  adopted, 
and  rye  was  the  plant  selected. 

According  to  the  report,  the  vegetation  went  on  for  more  than  a  year — 430  days  I 
The  amount  of  the  dry  substance  produced  was  3G5  times  that  of  the  seed  sown  ;  but 
no  seed  was  developed.  Neither  ammonia  nor  nitric  acid  was  found  in  the  solutions. 
But,  on  boiling,  a  small  quantity  of  an  organic  body  was  deposited.  From  4'5  grams 
tyrosin  the  vegetation  acquired  O' 18  nitrogen,  corresponding  to  2 '3  tyrosin.  No 
tyrosin  was  found  in  the  extract  of  the  stems  and  leaves,  but  traces  were  detected  in 
that  of  the  roots. 

W.  Wolff  concluded  that  tyrosin  suffered  change  as  soon  as  it  entered  the  plant, 
and  that  thus  the  action  differed  from  that  found  by  Hampe  in  the  case  of  urea. 
He  considered  that  the  tyrosin  was,  at  any  rate  in  part,  transformed  in  the  solution, 
under  the  influence  of  the  roots  ;  but  that  ammonia  was  not  one  of  the  products  of 
the  change.  If  the  tyrosin  were  taken  up  at  all  as  such  by  the  roots,  it  did  not  pass 
unchanged  to  the  upper  organs ;  but  when  its  nitrogen,  in  whatever  form,  was 
assimilated  by  the  plant,  it  was  distributed  through  the  various  organs,  as  in  the  case 
of  land  plants  growing  under  natural  conditions. 

From  the  various  results  above  quoted  it  seems  at  any  rate  very  probable,  if  not 
absolutely  demonstrated,  that  green-leaved  plants  can  take  up  soluble  complex  organic 
bodies,  and  assimilate  their  nitrogen,  when  they  are  presented  to  them  under  such 
conditions  as  in  water-culture  experiments.  Even  under  such  conditions,  however,  if 
the  nitrogenous  substance  supplied  was  readily  subject  to  change  in  the  solution 
itself,  it  was  doubtful  whether  it  was  taken  up  as  such,  or  only  after  first  undergoing 
change  ;  and  it  is  pretty  certain  that  such  substances  supplied  to  the  soil,  would  either 
in  great  part  or  entirely  suffer  change  before  being  taken  up  by  the  plant. 

The  probability  that  the  higher  plants  can,  under  any  circumstances,  take  up 
complex  nitrogenous  bodies,  and  appropriate  their  nitrogen,  is  of  considerable  interest 
from  a  theoretical  point  of  view.  But  under  the  ordinary  condition  of  the  growth  of 
plants  in  soil,  such  substances  will  seldom  if  ever  be  available  to  them,  excepting  it 
may  be  under  the  influence  of  the  action  of  the  root-sap  in  rendering  soluble  the 
nitrogenous  compounds  of  the  soil  and  subsoil,  which  exist  in  them  in  an  insoluble 
condition. 

It  will  be  of  interest  next  to  consider  what  evidence  exists  as  to  other  modes  in 
which  green-leaved  plants  may  acquhe  nutriment  from  compounds  existing  in  an 
insoluble  condition  in  the  soil  and  subsoil. 

Dr.  Frank  has  observed  that  the  feeding  roots  of  certain  trees  are  covered  with  a 
fungus,  the  threads  of  which  force  themselves  between  the  epidermal  cells  into  the 
root  itself,  investing  the  cell,  but  not  penetrating  the  fibro-vascular  tissue.  In  such 
cases  the  root  itself  has  no  hairs  ;  but  there  were  similar  bodies  external  to  the 
fungus-mantle,  which  were  prolonged  into  threads  among  the  particles  of  soil.  The 
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fungus-mantle  dies  off  on  the  older  portions  of  the  root,  and  its  extension  is  confined  to 
the  younger  roots— those  which  are  active  in  the  acquirement  of  nutriment. 

This  fungus  development  was  always  observed  in  the  case  of  teaks,  beeches,  horn¬ 
beams,  and  hazels : — in  seedlings  of  1,  2,  or  3  years  old,  and  in  trees  more  than  a 
century  old.  It  was,  however,  not  found  on  the  roots  of  the  associated  woodland 
plants,  even  when  these  were  growing  close  to  a  tuft  of  the  mycorhiza.  Nor  was  it 
found  on  the  roots  of  maples,  elms,  alders,  birches,  mulberry,  buckthorn,  planes, 
walnut,  apple,  service-tree,  hawthorn,  cherry,  cornel  ash,  syringa,  or  elder,  &c.  Thus, 
the  majority  of  woodland  trees  appear  to  be  free,  and  the  occurrence  seemed  to  be 
almost  limited  to  the  Cupuliferse ;  though  outside  of  this  family  the  development  has 
nevertheless  been  observed,  as  on  vfiUows,  and  some  conifers ;  and  it  is  supposed 
probable  that  it  may  be  found  to  be  more  general  as  investigation  extends. 

In  the  case  of  the  Cupuliferm  the  occurrence  seems  to  be  universal.  It  has  been 
observed  in  the  mmst  widely  distant  localities,  at  very  different  altitudes,  in  very 
different  aspects,  in  soils  of  the  most  varied  geological  character,  and  with  very  varied 
amounts  of  humus,  with  great  variation  in  the  associated  herbage,  and  even  in  a 
flower-pot.  The  growth  is  perhaps  the  most  luxuriant  on  chalk  soils.  It  is  also  the 
more  developed  in  the  first  2  inches,  or  the  richer-in-humus  layer  of  the  soil. 

The  occurrence  of  a  fungus  on  the  roots  of  certain  trees  has  indeed  been  recorded 
before.  It  has  sometimes  been  considered  to  be  connected  with  a  diseased  condition, 
though  it  has  also  been  noticed  on  healthy  trees.  The  observations  have,  however, 
not  before  been  generalised. 

Fuank  considers  that  the  conditions  are  those  of  true  symbiosis.  He  m  fact 
concluded  that  the  chlorophyllous  tree  acquires  the  carbon,  and  the  fungus  the  water 
and  the  mineral  matters,  that  is  the  soil  nutriment. 

Frank  did  not  refer  to  nitrogen.  But  there  is  no  reason  to  suppose  that  the 
fungus  could  not,  as  do  the  fungi  in  the  case  of  fairy  rings  for  example,  avail  itself  of 
the  organic  nitrogen  of  the  soil. 

Here  then  we  have  a  mode  of  accumulation  of  soil  nutriment  by  some  green-leaved 
plants,  which  so  far  allies  them  very  closely  to  fungi  themselves.  Indeed,  it  is  by 
an  action  on  the  soil  which  characterises  non-chlorophyllous  plants,  and  by  virtue  of 
which  they  are  enabled  to  take  up  nutriment  not  available  to  most  green-leaved 
plants,  that  the  chlorophyllous  plant  itself  acquires  its  soil-supphes  of  nutriment. 
Under  such  circumstances,  it  can  indeed  readily  be  supposed  that  the  tree  may 
acquire  not  only  water  and  mineral  matter,  but  organic  nitrogen  from  the  soil,  and  if 
so  probably  organic  carbon  also.  In  reference  to  this  point,  it  has  already  been 
stated  that,  from  the  evidence  so  far  at  command,  it  was  concluded  that  the  action  is 
the  most  marked  in  the  surface  layers  of  the  soil  rich  in  humus. 

So  far  as  this  is  the  case,  it  is  obvious  that  such  an  action  of  fungi  on  the  soil  does 
not  aid  us  in  the  explanation  of  the  acquirement  of  nitrogen  from  raw  clay  subsoil  by 
the  deep  and  strong  rooted  Leguminosm.  Further,  it  is  distinctly  stated  that  the 
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fungus  development  in  question  has  not  been  observed  on  the  roots  of  any  herbaceous 
plants.  It  is  nevertheless  a  point  of  interest,  should  it  be  established,  that  by 
special  means,  in  special  cases,  the  organic  nitrogen  of  the  soil  may  serve  as  a  supply 
of  nitrogen  to  chlorophyllous  plants.  To  this  point  further  reference  will  be  made  in 
the  course  of  the  discussions  upon  which  we  have  now  to  enter. 


PART  II. 

Recent  Results  and  Conclusions  of  others,  relating  to  the  Fixation  of 

Free  Nitrogen. 

In  our  introductory  remarks  it  was  stated  that  the  object  of  the  present  paper  was 
not  only  to  discuss  our  own  results  bearing  on  various  aspects  of  the  question  of  the 
sources  of  the  nitrogen  of  vegetation,  but  to  consider  the  recent  results  and  conclu¬ 
sions  of  others,  and  to  endeavour  to  determine  how  far  the  evidence  yet  available  is 
conclusive  on  the  subject.  And,  as  there  can  be  no  doubt  that  the  Memoirs  of 
M.  Berthelot  have  materially  influenced  the  course  of  inquiry  in  recent  years,  it  will 
be  well  to  commence  with  a  statement  and  discussion  of  his  results  and  conclusions. 

1.  The  Experiments  of  M.  Berthelot. 

It  was,  we  believe  in  1876,  that  M.  Berthelot  first  called  in  question  the 
legitimacy  of  the  conclusion  that  plants  do  not  assimilate  the  free  nitrogen  of  the  air, 
when  drawn  from  the  results  of  experiments  in  which  the  plants  were  so  enclosed  as 
to  exclude  the  possibility  of  electrical  action.  More  recently  he  has  objected  to 
experiments  so  conducted  with  sterilised  materials,  on  the  ground  that,  under  such 
conditions,  the  presence,  development,  and  action  of  micro-organisms  are  excluded. 
Such  objections,  if  valid,  of  course  put  out  of  court  the  results  and  conclusions  of 
Boussingault,  ourselves,  and  others,  from  experiments  so  conducted.  They  at  the 
same  time,  obviously  suggest,  though  it  is  true  they  do  not  actually  necessitate,  the 
adoption  of  less  exact  methods  of  experimenting — methods  in  which  the  soils,  or 
plants,  or  both,<  are  almost  unavoidably  exposed  to  accidental  sources  of  unknown 
amounts  of  combined  nitrogen,  and  in  which  the  personal  equa.tion  becomes  a  very 
prominent  element.  At  any  rate,  since  the  announcement  and  acceptance  of 
M.  Berthelot’s  objections,  numerous  experiments  have  been  made  without  the 
enclosure  of  the  plants ;  and  results  have  been  obtained  showing  very  various  and,  in 
some  cases,  very  large  gains  of  nitrogen,  assumed  to  be  due  to  the  fixation  of  the  free 
nitrogen  of  the  air  in  some  way. 

In  1876  (‘ Compt.  Rend.,’  vol.  72,  pp.  1283-5)  M.  Berthelot  published  the  results 
of  experiments  in  which  he  found  that  free  nitrogen  was  fixed  by  v^arious  organic 
compounds,  under  the  influence  of  the  silent  electric  discharge,  at  the  ordinary 
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temperature..  Such  fixation  was  determined  in  the  cases  of  benzene,  oil  of  turpentine, 
marsh  gas,  and  acetylene.  In  each  case  a  solid  nitrogenous  body  was  obtained,  from 
which  ammonia  was  evolved  on  strongly  heating.  The  electricity  w^as  developed  by  a 
large  Ruhmkortf  coil,  so  that  the  conditions  were  comparable  with  those  between  the 
clouds  and  the  ground  during  a  thunder-storm,  and  the  application  of  the  results  to 
vegetation  was  legitimate  for  such  conditions.  He  suggests  that  similar  reactions 
probably  take  place  in  the  air  during  storms,  and  when  the  air  is  charged  with 
electricity,  organic  matters  absorbing  nitrogen  and  oxygen. 

Again  in  1876  (‘ Compt.  Rend.,’  vol.  82,  pp.  ]  357-1360),  he  recurs  to  the  subject. 
He  says  that  under  the  influence  of  the  silent  electric  discharge,  nitrogen,  whether 
pure  or  mixed  with  oxygen,  is  flxed  by  moist  filter  paper,  and  by  dextrine,  to  a  degree 
that  is  very  noticeable  within  a  few  hours.  Neither  ammonia,  nor  any  nitrogen  acid 
is  a  product  of  the  reaction ;  and  thus  the  fixation  may  take  place  in  nature  without 
the  preliminary  formation  of  ozone,  ammonia,  or  nitrogen  acids. 

Subsequently  (‘  Compt.  Rend.,’  vol.  83,  1876,  pp.  677-682),  he  used  currents  of  much 
weaker  tension,  more  comparable  with  those  incessantly  occurring  m  the  air,  and  the 
substances  experimented  upon  were  moistened  filter  paper,  and  a  strong  solution  of 
dextrine.  The  tension  would  correspond  to  that  between  the  ground  and  a  layer  of 
air  two  metres  above  it.  The  experiments  lasted  about  two  months,  during  which, 
however,  the  tension  varied  considerably,  but  averaged  3^  elements  Daniell.  In  all 
cases  nitrogen  was  fixed  by  the  organic  substance,  forming  a  nitrogenous  compound 
from  which  ammonia  was  evolved  by  soda-lime. 

In  1877  (‘Compt.  Rend.,’  vol.  85,  p.  173)  he  gives  further  results  of  the  same  kind. 
In  experiments  in  which  the  difference  of  electrical  potential  was  not  greater  than  that 
frequently  existing  between  strata  of  the  atmosphere  not  far  from  the  ground,  he 
found  that  filter  paper  moistened  with  water  and  containing  O'OlO  per  cent,  of 
nitrogen,  after  a  month  contained  0'045  per  cent.,  whilst  similar  paper  moistened  with 
a  solution  of  dextrine  had  its  percentage  of  nitrogen  raised  from  0'012  to  0T92.  He 
considered  that  his  experiments  indicated  the  true  explanation  of  the  fixation  of 
nitrogen  in  nature.  The  gains  are  in  amount  such  as  would  explain  how  crops 
acquire  the  amounts  of  nitrogen  which  he  considers  they  must  derive  from  the 
atmosphere. 

In  the  autumn  of  1885  (‘Compt.  Rend.,’  vol.  101,  pp.  775-784)  M.  Berthelot  gave 
the  results  of  experiments  on  the  fixation  of  atmospheric  nitrogen  by  certain 
argillaceous  earths.  He  refers  to  his  experiments  which  established  the  fact  that 
nitrogen  was  fixed  in  some  of  the  immediate  principles  of  plants  by  the  agency  of 
electricity  of  such  feeble  tension  as  is  operative  all  over  the  globe.  He  has  now  to  call 
attention  to  another  mode  in  which  free  nitrogen  is  brought  into  combination — namely 
by  argillaceous  soils  under  the  influence  of  micro-organisms. 

He  experimented  with  two  argillaceous  sands,  and  two  pure  clays — crude  kaolins. 
Some  of  the  experiments  were  commenced  in  1884,  but  others  not  until  April,  1885  ; 
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and  for  all  of  these  comparative  results  are  given  for  the  period  from  April  30  to 
October  10,  1885.  It  maybe  mentioned  that  at  the  commencement  of  this  period  the 
initial  amounts  of  nitrogen  in  these  materials  were  very  much  lower  than  in  any 
cultivated  soils,  being  respectively  O'OOOl,  O'OlllO,  0'0021,  and  O’OIOGS  per  cent. 

Each  of  these  descriptions  of  soil  was  exposed  under  the  following  conditions  : — 

1.  From  50  to  60  kilog.,  in  open  glazed  pots,  in  a  closed  chamber  free  from 

emanations. 

2.  From  0’08  to  O'lO  mm.  depth  of  soil,  in  open  pots,  on  a  trestle  0‘7  metre  above 

the  ground,  in  a  meadow,  with  a  roof  protecting  from  vertical,  but  not  from 
oblique  rain,  or  from  free  air. 

3.  In  similar  pots,  uncovered,  placed  on  a  plank  on  a  tower  29  metres  high, 

4.  1  kilog.  soil,  placed  in  a  4-litre  flask,  moistened,  and  closed  with  a  ground 

stopper ;  one  set  being  exposed  to  diffused  day  light,  and  a  duplicate  set  kept 
in  a  closed  cupboard. 

5.  1  kilog.  of  soil  put  into  a  4-litre  balloon,  heated  at  100°  C.  for  2  hours,  steam 

passed  through  for  5  minutes,  and  cooled  in  filtered  air  previously  heated 
to  130°  C.  ;  then  closed  and  exposed  from  July  10  to  October  6,  1885. 


The  following  tabular  statement,  summarises  the  results  obtained  in  the  first, 
second,  third,  and  fourth  series  of  experiments.  The  upper  division  shows  the  actual 
percentages  of  nitrogen  found,  before  and  after  exposure,  and  the  lower  division,  the 
gains  in  the  percentage  of  nitrogen.  We  give  the  results  in  percentages,  instead  of 
in  parts  per  kilogram,  to  compare  the  better  with  the  figures  given  relating  to  our 
own  experiments. 


Initial. 

In  closed 
chamber. 

In  meado-sv. 

On  tower. 

In  closed 
flasks  in  light. 

Nitrogen  found — j^er  cent. 

Yellow  argillaceous  sand  I. 

,,  ,,  ,,  11... 

White  clay . 

Crude  kaolin .' . 

0'00910 

0-01119 

0-00210 

0-01065 

0-01179 

0-01639 

0-00407 

0-00983 

0-01295 

0-00353 

0-01144 

0-01396 

0-00557 

0-01497 

0-01289 

0-01503 

0-00494 

0-01236 

1 

Gain  of  nitrogen — per  cent. 

Yellow  argillaceous  sand  I . 

>>  ))  ))  11 . 

White  clay . 

Crude  kaolin . 

0-00269 

0-00520 

0-00197 

0-00073 

0-00176 

0-00143 

0-00079 

0-00277 

0-00347 

0-00432 

0-00379 

0-00384 

0-00284 

0-00171 

Thus,  although  the  actual  amounts  of  gain  are  small,  there  is  in  every  case  some 
gain.  Determinations  of  nitric  acid  and  ammonia  showed  that  the  gains  were  not 
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correlative  with  the  amounts  of  either.  Further,  calculations  showed  that  the 
amounts  far  exceeded  those  which  could  be  due  to  ammonia  in  the  air,  or  to  ammonia 
and  nitric  acid  in  the  rain  ;  whilst  the  gains  in  the  closed  flasks  showed  that  they 
could  not  be  due  to  combined  nitrogen  from  the  air  or  rain. 

The  author  considers  the  results  establish  the  fact  that  there  is  gain  of  nitrogen 
quite  independently  of  any  absorption  of  combined  nitrogen. 

From  the  evidence  so  far  it  might  be  concluded  that  the  gains  in  the  meadow  and 
on  the  tower  were  due  to  electrical  action ;  but  the  fifth  series  of  experiments,  in 
which  the  soils  were  sterilised  by  heat,  and  then  left  in  the  balloons  from  July  10  to 
October  6,  1885,  indicate  another  influence.  In  the  case  of  each  of  the  four  soils  so 
sterilised,  and  afterwards  exposed,  there  was,  instead  of  any  gain,  a  slight  loss  of 
nitrogen,  which  was  attributed  to  the  heating  at  the  commencement.  The  cause  of 
the  fixation  of  nitrogen  had  at  the  same  time  been  destroyed ;  nor  did  the  soils 
recover  the  power  of  fixing  nitrogen,  either  by  exposure  to  the  am  of  the  chamber,  or 
when  a  small  quantity  of  the  unsterilised  soil  was  added. 

It  was  concluded  that  there  was  a  fixation  of  free  nitrogen  due  to  living  organisms. 
It  was  shown  that  the  action  was  not  manifested  during  the  winter,  that  it  was  the 
most  effective  during  the  periods  of  active  vegetation,  and  that  it  was  exercised  in 
closed  vessels  as  well  as  in  the  fi’ee  air. 

M.  Berthelot  estimated  that  the  gains  corresponded  to  gains  of  nitrogen  per 
hectare  of  20  kilog.  by  sand  No.  1,  of  16  and  25  kilog.  by  sand  No.  2,  and  of 
32  kilog.  by  the  kaolin  No.  3.  These  estimates  are,  however,  said  to  be  much  too 
low,  as  they  are  on  the  assumption  of  only  0'08  or  OTO  m.  depth  of  soil,  whilst  the 
action  extends  much  deeper.  He  compares  these  amounts  with  17  kilog.  the  amount 
of  combined  nitrogen  in  the  rain,  &c.,  at  Montsouris  in  3  883  ;  and  with  8’  kilog., 
the  amount  formerly  estimated  as  annually  so  coming  down  at  Rothamsted  ;  which, 
however,  more  recently  we  have  estimated  at  less  than  this.  On  the  other  hand, 
taking  the  amount  of  nitrogen  removed  in  a  crop  of  hay  at  from  50  to  60  kilog.  per 
hectare  (=  45  to  54  lbs.  per  acre),  he  estimates  that  the  loss  to  the  soil  will  be  from 
40  to  50  kilog,  per  hectare  (=36  to  45  lbs.  per  acre).  Hence,  if  it  were  not  for  com¬ 
pensation  by  fixation  of  free  nitrogen,  the  soil  would  gradually  become  exhausted. 
He  considers  that  the  results  bring  to  view  not  only  one  of  the  methods  by  wdrich 
fertility  is  maintained,  but  that  they  also  show  how  argillaceous  soils,  which  are 
almost  sterile  when  first  brought  into  contact  with  the  air,  come  to  yield  more  and 
more  flourishing  crops,  and  in  time  become  vegetable  moulds. 

Quite  recently,  March,  1887  (‘  Compt.  Bend.,’  vol.  104,  pp.  625  et  seq.),  M.  Berthelot 
has  published  the  results  of  experiments  on  the  fixation  of  free  nitrogen  by  vegetable 
mould  supporting  vegetation.  The  experiments  were  commenced  in  May,  and  con¬ 
cluded  in  November,  1886.  He  determined  the  nitrogen  by  the  soda-lime  method, 
and  also  as  nitric  acid,  in  the  soil  before  and  after  the  growth ;  also  in  the  initial 
plants  [Amaranthus  pyramidalis),  and  in  the  final  products.  He  also  determined 
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the  amount  of  atmospheric  ammonia  absorbed  by  sulphuric  acid,  and  the  amount  of 
combined  nitrogen  in  the  rain ;  and  finally  the  amount  of  combined  nitrogen  in  the 
drainage  waters. 

The  following  is  a  summary  of  the  amounts  of  nitrogen  involved  (in  grams) ; — 

Initial — In  soil  54'09,  in  rain  0’053,  in  ammonia  of  air  0'048, 

in  plants  0‘35,  total . =  54'541 

Final — In  soil  56‘54,  in  drainage  0’403,  in  plants  2‘235,  total  .  =  59d78 

Gain . =  4 '63  7 


M.  Berthelot  points  out  that  the  gain  of  nitrogen  is  nearly  equally  divided  between 
the  soil  and  the  plant,  the  latter  having  taken  it  up  from  the  soil,  which  he  considers 
is  the  true  source  of  the  gain.  He  compares  the  results  with  those  formerly  obtained 
without  vegetation  thus — 

Gains  with  vegetation . 4 ‘6 4  and  7 '5 8  grams. 

Gains  without  vegetation . 12 ’70  and  23 T 5  grams. 

He  assumes  that  there  is  with  the  higher  plants,  as  with  animals,  a  constant  loss  of 
nitrogen.  He  admits  however  that  more  evidence  is  needed  absolutely  to  demonstrate 
that  the  plants  themselves  do  not  fix,  and  that  they  do  set  free,  nitrogen.  But  he 
considers  it  proved  by  his  experiments  that  vegetable  soil  does  fix  free  nitrogen  ;  and 
he  thinks  it  probable  that  this  is  the  chief  source  of  the  gain  by  the  higher  plants. 
Thus,  it  can  be  understood  how  concentrated  production  exhausts  faster  than  the 
natural  actions  restore  fertility ;  whilst  in  natural  vegetation,  on  the  other  hand,  the 
fixing  of  nitrogen  may  exceed  the  liberation,  and  accumulation  may  thus  take  place, 
Beviewing  the  whole  of  these  results  and  conclusions  of  M.  Berthelot,  it  is  in  the 
first  place  to  be  observed  that  whilst  the  results  obtained  under  the  influence  of  the 
silent  discharge  in  bringing  nitrogen  into  combination  with  certain  vegetable  principles, 
owed  their  special  interest  to  the  inference  that  thus  free  nitrogen  might  be  brought 
into  combination  within  the  plant,  he  now  considers  it  at  least  doubtful,  whether  the 
higher  plants  do  bring  free  nitrogen  into  combination  at  all,  and  that  probably  the 
gain  of  nitrogen  is  by  the  soil,  and  not  by  the  plant. 

Obviously,  if  there  are  organic  compounds  existing  within  the  soil  which  have  the 
power  of  bringing  free  nitrogen  into  combination  under  the  influence  of  electricity  of 
feeble  tension,  such  as  occurs  in  the  atmosphere,  the  soil  and  not  the  plant  may  be  the 
source,  and  yet  the  agent  be  the  feeble  electric  current.  So  far,  however,  as  it  is 
assumed  that  nitrogen  is  so  brought  into  combination  in  the  atmosphere  itself,  the 
resulting  compound  or  compounds  will  be  found  in  the  air,  and  in  the  aqueous  deposi¬ 
tions  from  it ;  and  the  extent,  or  rather  the  limit,  of  the  amount  of  combined  nitrogen 
so  available  over  a  given  area,  in  Europe  at  any  rate,  is  pretty  well  known. 
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As  to  the  , results  obtained  with  soils,  with  and  without  vegetation,  it  must  be 
admitted  that  M.  Berthelot  has  carefully  considered,  and  endeavoured  to  estimate, 
all  other  apparent  sources  than  free  nitrogen.  At  the  same  time,  the  conditions  of 
risk  and  exposure  to  accidental  sources  of  gain  in  the  experiments  in  the  chamber,  in 
the  meadow,  and  on  the  tower,  are  such  that  the  results  could  not  of  themselves  be 
accepted  as  at  all  conclusive.  To  the  distinct  gains  observed  in  the  experiments  in 
closed  vessels  no  such  objection  can  however  be  raised  ;  whilst  the  negative  results  in 
the  sterilised  soils  constitute  another  element  in  favour  of  the  conclusion  at  which 
M.  Berthelot  has  arrived. 

It  is,  however,  one  thing  to  accept  experimental  results  on  the  authority  of 
M,  Berthelot,  and  another  to  adopt  his  arguments  and  conclusions  in  the  application 
of  them  to  the  conditions  of  practical  agriculture.  To  avoid  repetition,  however, 
further  reference  to  this  part  of  the  subject  must  be  postponed  until  the  results  and 
conclusions  of  other  experimenters  have  been  considered ;  for,  to  a  great  extent,  the 
same  facts  and  arguments  are  applicable  in  reference  to  them,  as  to  M.  Berthelot’s 
results  and  conclusions. 

2.  The  ExjperimenU  of  M.  P.  P.  Deherain.'"' 

The  plan  and  methods  of  M.  Deherain’s  experiments  to  determine  the  losses  or 
gains  of  combined  nitrogen  were  totally  different  from  those  adopted  by  M.  Berthelot. 
They  were  indeed  much  on  the  lines  of  some  of  the  Rothamsted  investigations.  He 
sought  to  determine  the  actual  losses  or  gains  in  the  field,  under  the  influence  of 
different  manures,  of  different  crops,  and  of  different  modes  of  cultivation.  His 
experiments  were  made  on  the  farm  of  the  Agricultural  School,  at  Grignon,  near 
Paris,  and  extended  from  1875  to  1885  inclusive.  The  land  had  been  in  lucerne  for 
5  years,  1870-1874.  Four  plots  were  then  devoted  to  each  experimental  crop  as 
under  : — 

No.  1  received  farm-yard  manure.  No.  2  nitrate  of  soda.  No.  3  ammonium  sulphate, 
and  No.  4  was  left  unmanured.  Each  of  the  manures  was  applied  3  years  in  succes¬ 
sion,  and  then  the  crops  were  grown  for  four  years  more  without  further  manuring. 

On  one  of  the  sets  of  four  differently  manured  plots,  green  maize  was  grown.  On 
a  second  set  potatoes  were  grown  dvu’ing  the  3  years  of  manuring,  and  for  two  years 
afterwards,  and  then  wheat  for  the  two  remaining  years.  On  the  third  set  beet  was 
grown  for  3  years,  green  maize  for  1  year,  and  then  sainfoin  for  5  years,  and  mixed 
grasses  for  2  years,  to  1885  inclusive. 

The  nitrogen  was  determined  in  the  soil,  before  the  commencement  of  the  experi¬ 
ments  in  1875,  in  1878  after  the  three  years  of  manuring  and  cropping,  in  1881  after 
4  years  crop23ing  without  further  manuring,  and  in  case  of  the  sainfoin  followed  by 
mixed  grasses,  in  1885  also.  Lastly  the  nitrogen  was  estimated  in  the  crops.  From 

*  ‘  Aunales  Agronomiques,’  vol.  8,  p.  321,  vol.  12,  p.  17,  and  vol.  12,  p.  97. 
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these  data,  the  losses  or  gains  of  nitrogen  by  the  soil,  during  the  different  periods 
under  the  influence  of  the  different  manures  and  crops,  were  calculated. 

M.  Dehekain  further  gives  the  results  of  numerous  determinations  of  carbon  in  the 
soils,  and  shows  that  woth  a  loss  of  nitrogen  there  is  also  a  loss  of  carbon ;  and  that 
where  in  the  case  of  the  growth  of  sainfoin,  the  nitrogen  in  the  surface  soil  increased, 
there  was  not  a  reduction  in  the  carbon. 

In  his  flrst  paper  M.  Deherain  summarises  his  conclusions  as  follows : — 

1.  The  soil  of  each  experimental  plot  lost  nitrogen  from  1875  to  1878  and  1879, 
when  it  had  grown  green  maize  or  potatoes ;  it  also  lost  when  beet  was  grown. 

2.  The  loss  much  exceeded  the  amount  due  to  the  removal  of  the  crop. 

3.  The  loss  was  very  sensible  even  when  the  soil  received  abundance  of  manure, 
and  it  continued  from  1878  or  1879  to  1881,  when  the  soil  grew  maize,  or  potatoes 
followed  by  wheat. 

4.  When,  from  1879  to  1881.  sainfoin  was  substituted  for  beet,  not  only  was  loss 
no  longer  manifested,  but  the  nitrogen  of  the  soil  augmented,  and  at  the  same  time 
abundant  crops  of  sainfoin  were  obtained,  which  contained  large  quantities  of 
nitrogen. 

5.  This  nitrogen  has  not  come  from  the  deeper  layers  of  the  soil,  for  these  showed 
an  equal,  or  even  rather  greater  richness  in  1881  than  in  1879. 

With  regard  to  the  actual  amounts  of  loss  or  gain  of  nitrogen  found  in  M.  Deherain’s 
experiments,  the  losses  especially  are  extremely  large,  as  the  following  results  will 
show  : — 

When  farm-yard  manure  was  applied,  in  very  heavy  dressings  for  three  years  in 
succession,  in  amount  estimated  to  supply  400  kilog.  nitrogen  per  hectare  per  annum 
357  lbs.  per  acre  per  annum),  there  was,  when  green  maize  was  grown,  a  loss  of 
nitrogen  by  the  soil,  besides  that  removed  in  the  crops,  amounting  to  288  kilog.  per 
hectare  (=  257  lbs.  per  acre)  per  annum,  over  the  3  years  of  the  application;  when 
potatoes  were  grown  there  was  a  loss  of  242  kilog.  per  hectare  (=  216  lbs.  per  acre) 
per  annum ;  and  when,  with  the  same  manuring  for  3  years,  beet  was  grown  for  3 
years  and  maize  for  ane  year,  there  was  an  average  annual  loss  over  the  4  years  of 
679  kilog.  nitrogen  per  hectare  (=  606  lbs.  per  acre). 

When  nitrate  of  soda,  supplying  192  kilog.  nitrogen  per  hectare  (=  l7l  lbs.  per 
acre)  per  annum,  was  applied,  the  annual  loss  of  nitrogen  was,  when  maize  fodder  w^as 
grown,  401  kilog.  per  hectare  (=  359  lbs.  per  acre);  when  potatoes,  436  kilog.  per 
hectare  (=  389  lbs.  per  acre);  and  when  beet  was  grown  for  3  years  and  maize  for 
one  year,  the  average  annual  loss  of  nitrogen  by  the  soil  over  the  four  years,  besides 
that  removed  in  the  crop,  was  557  kilog.  per  hectare  (=  498  lbs.  per  acre). 

When  ammonium  sulphate  was  used,  supplying  annually  252  kilog.  nitrogen  per 
hectare  (=  225  lbs.  per  acre),  the  annual  losses  were — after  the  green  maize 
359  kilog.  per  hectare  (=  321  lbs.  per  acre),  after  the  potatoes  555  kilog. 

MDCCCLXXXIX. - B. 
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(=  496  lbs.), 'and  after  the  beet  and  maize  615  kilog.  per  hectare  (=  549  lbs.  per 
acre)  per  annum. 

Lastly,  without  any  manure,  the  losses  Avere,  after  3  years  of  green  maize 
379  kilog.  per  hectare  (=  338  lbs.  per  acre),  after  3  years  of  potatoes  307  kilog. 
{=  274  lbs.),  and  after  3  years  of  beet  and  1  year  of  maize,  476  kdog.  per  hectare 
(=  425  lbs.  per  acre)  per  annum. 

Over  the  next  4  years,  without  further  manure  on  the  previously  manured  plots, 
and  still  without  manure  on  the  previously  unmanured  plots,  the  losses  of  nitrogen 
by  the  soil  though  still  large,  were  generally  much  less.  Besides  that  in  the  crops, 
they  were  per  annum  as  follows  : — 

After  farm-yard  manure,  with  green  maize  133  kilog.  per  hectare  (=119  lbs.  per 
acre),  and  with  potatoes  2  years  and  wheat  2  years  308  kilog.  per  hectare  (=:  275  lbs. 
per  acre). 

After  nitrate  of  soda,  with  green  maize  4  years  206  kilog.  per  hectare  (=  184  lbs. 
per  acre),  and  with  potatoes  and  wheat,  38  kilog.  per  hectare  (=34  lbs.  per  acre). 

After  ammonium  sulphate,  with  green  maize,  148  kilog.  per  hectare  (=  132  lbs. 
per  acre),  and  after  potatoes  and  w'heat  140  kilog.  per  hectare  (=  125  lbs.  per  acre). 

Without  manure  for  7  years,  the  annual  loss  over  the  last  4  years  was  with  maize 
104  kilog.  per  hectare  (=93  lbs.  per  acre),  whilst  with  potatoes  and  wheat  there  was 
a  gain  of  9  kilog.  per  hectare  (=8  lbs.  per  acre). 

All  the  losses  during  the  3  years  of  the  application  of  the  manures,  and  especially 
those  after  3  years  of  beet  and  one  year  of  maize,  are  far  in  excess  of  anything  that 
has  come  within  our  own  knowledge  and  experience,  and  they  are  in  amount  such  as 
reflection  must  show  cannot  possibly  occur  in  actual  practice. 

For  example,  although  it  is  estimated  that  the  farm-yard  manure  ’supplied 
1200  kilog.  nitrogen  per  hectare  (=  1071  lbs.  per  acre),  in  the  3  years,  and  that  only 
451  kilog.  per  hectare  (=  403  lbs,  per  acre)  were  removed  in  the  3  crops  of  green 
maize,  leaving  a  balance  of  the  nitrogen  of  the  manure  of  749  kilog.  per  hectare 
(=  668  lbs.  per  acre),  yet  the  surface  soil  was  estimated  to  lose,  not  only  this  amount, 
but  116  kilog.  per  hectare  (=  104  lbs.  per  acre)  more,  or  in  all  865  kilog.  per  hectare 
(=  772  lbs.  per  acre)  in  the  3  years.  Again,  with  the  same  supply,  1200  kilog. 
nitrogen  per  hectare  (=  1071  lbs.  per  acre)  by  manure,  in  3  years,  and  the  removal  of 
561  kilog.  per  hectare  (=501  lbs.  per  acre)  in  beet  and  maize  in  4  years,  leaving  a 
balance  from  the  manure  of  639  kilog.  (=  570  lbs.),  the  soil  is  estimated  to  have  lost 
2076  kilog.  (=  1854  lbs.)  more;  or  in  all  2715  kilog.  (=  2424  lbs.).  It  is  true  that 
when  excessive  amounts  of  farm-yard  manure  are  applied  there  will  probably  be  some 
loss  by  the  evolution  of  free  nitrogen,  but  here  the  estimated  losses  amounted  to  much 
more  than  the  total  nitrogen  of  the  manure  after  deducting  that  removed  in  the 
crops.  Indeed,  M.  Deherain  calls  attention  to  the  fact  that,  according  to  the 
figures,  one-fourth  of  the^total  nitrogen  of  the  surface  soil  has  been  lost !  We  repeat 
that  such  losses  certainly  do  not  occur  in  practical  agriculture.  But,  if  such  loss  could 
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take  place  with  heavy  manuring  for  3  years,  and  tlie  removal  of  3  crops  of  Ijeet  and 
one  of  maize,  what  would  be  the  result  with  ordinary  manuring  and  cropping  ? 

How  are  these  results  to  be  explained  ?  The  accuracy  of  the  analytical  results 
recorded  by  M.  Deherain  may  be  taken  for  granted.  It  seems  to  us,  however,  that 
in  the  method  of  taking  the  samples  of  soil  for  analysis,  an  exj^tlanation  may  be  found  ; 
and  we  have  the  less  hesitation  in  suggesting  this,  since  we  have  found  our  own  early 
results  obtained  under  somewhat  similar  conditions,  quite  inapplicable  for  anything 
like  accurate  estimates  of  nitrogen  per  acre. 

Perhaps  it  is  no  undue  assumption  to  suppose  that  there  has  been  more  experience 
of  soil  sampling  at  Pothamsted  than  anywhere  else  ;  and  we  have,  accordingly,  learnt 
that  very  special  precautions  must  be  taken,  when  comparative  estimates  are  to  be 
made  of  the  amount  of  nitrogen  in  the  soil  to  a  given  depth,  at  different  periods. 
When  this  is  the  object,  it  is  absolutely  essential  that  the  samples  taken  should 
represent  very  exactly,  both  the  same  depth,  and  the  same  measure  horizontally 
throughout  the  depth  at  the  two  periods.  That  is  to  say,  it  is  essential  that  they 
should  contain  exactly  the  same  proportions  of  the  corresponding  layers  at  the  diflPerent 
dates  ;  and  this  is  the  more  important  when  the  layer  to  be  estimated  includes  both  the 
manured  and  worked  surface  soil,  and  some  of  the  unmanured  and  unworked  subsoil. 

Our  own  plan  is  to  drive  down  a  square  iron  frame,  without  top  or  bottom,  having 
an  exact  measure  superficially,  and  the  exact  depth  for  which  the  result  is  to  be 
calculated.  Even  when  this  method  is  adopted,  serious  error  may  arise  if  at  the 
different  periods  the  soil  is  in  a  different  state  of  consolidation,  the  result  of  manuring, 
the  working  of  the  land,  the  cropping,  or  the  seasons.  In  other  words,  it  is  essential 
that  a  sample  of  a  given  area  and  dejDth  should  contain  the  same  weight  of  dry  soil  at  the 
two  periods.  W  e  have  given  an  illustration  of  the  error  possible,  and  of  the  correction 
necessary,  when  this  is  not  the  case,  in  a  paper  we  published  in  1882.^ 

Now,  according  to  the  description  of  his  method  given  by  M.  Deherain,  he  adopted 
the  same  plan  as  we  did  ourselves  in  our  early  experiments  ;  that  is,  he  took  his 
samples,  not  by  means  of  a  frame  of  exact  dimensions,  but  merely  with  a  spade,  with 
which  it  would  be  quite  impossible  to  take  a  sample  of  exactly  the  same  area  through¬ 
out  the  depth  adopted.  Nor  was  the  depth  exactly  the  same  in  all  cases.  It  is 
stated  that  it  ranged  from  25  to  30  cm.  (=  9 '8  —  11  *8  inches),  whilst  the  calculations 
per  hectare  are  made  for  a  depth  of  35  cm.  (=  13 ‘8  inches).  It  is  obvious,  that  if 
the  samples  were  only  taken  to  a  depth  of  25  or  30  cm.,  and  upon  the  results  obtained 
the  calculations  were  made  for  a  depth  of  35  cm.,  the  amount  of  nitrogen  reckoned 
per  acre,  or  per  hectare,  must  be  too  high,  as  the  subsoil  from  25  or  30  cm.  to  35  cm. 
deep  would  doubtless  contain  a  much  lower  jiercentage  of  nitrogen  than  the  layer 
above  the  depth  of  25  or  30  cm.  Indeed,  M.  Deherain’s  determinations  of  nitrogen 
in  the  subsoils  showed  less  tlian  half  as  high  a  percentage  as  in  the  surface  soils. 

*  “  Determinations  of  Nitrogen  in  the  Soils  of  some  of  the  Experimental  Fields,  at  Rothamstecl,  and 
the  Bearing  of  the  Results  on  the  Question  of  the  Sources  of  the  Nitrogen  of  our  Crops,”  pp.  32  et  seq. 
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We  trust,  therefore,  that  M.  Deherain  will  accept  our  comments  in  all  friendliness, 
when  we  say  that  our  own  dearly  bought  experience  leads  us  to  believe  that  the  above 
facts  are  quite  sufficient  to  render  approximately  accurate  quantitative  estimates  at 
the  different  periods  impossible.  From  the  results,  it  seems  probable  that  the  samples 
taken  at  the  commencement  of  the  experiments  in  1875  were  less  comparable  with 
those  of  1878  and  1879,  than  were  those  of  these  later  dates  with  those  of  1881  and 
1885.  The  losses  indicated  were,  indeed,  in  most  cases,  much  less  over  the  second 
period  of  4  years  ;  a  result  which  is,  however,  doubtless  partly  due  to  the  fact  that  no 
manure  was  applied  during’  that  period.  Another  reason  for  concluding  that  the 
samples  were  less  truly  representative  at  the  commencement  in  1875,  than  afterwards, 
is  that  the  percentage  of  nitrogen  found  at  that  date  (0’204),  is  high  for  the  depth 
stated,  of  arable  soil  in  ordinary  agricultural  condition.  Though,  if  the  soil  is  naturally 
very  rich,  or  if  it  had  been  treated  otherwise  than  in  ordinary  agricultural  practice, 
such  a  percentage  is  by  no  means  impossible.  The  percentages  of  0T5  and  upwards, 
as  afterwards  found,  are  however  quite  as  high  as  is  usual  in  good,  but  long  worked 
arable  soil,  which  is  only  manured  and  cropped  in  the  ordinary  way. 

Then  as  to  the  amounts  of  nitrogen  estimated  to  be  gained  by  the  soil  to  the  depth 
of  35  cm.  (=13'8  inches)  by  the  growth  of  sainfoin  for  5  years,  and  of  mixed  grasses 
for  2  years.  They  were,  both  on  the  plot  where  farm-yard  manure  had  previously 
been  ajaplied,  and  on  that  which  had  been  unmanured  over  the  7  years  from  the 
commencement,  more  than  was  taken  off  in  the  crops  of  that  period.  This  is  certainly 
more  than  our  own  experience  would  lead  us  to  expect. 

From  his  determinations  of  the  nitrogen  in  the  subsoils  at  different  periods, 
M.  Deherain  concluded  that  the  gains  were  not  from  that  source.  The  percentage 
in  the  subsoils  of  the  different  plots  varied  however  considerably ;  and  on  this  point 
it  may  be  stated  that  in  the  subsoils  at  Rothamsted,  the  variations  which  are  quite 
independent  of  manuring  and  cropping,  are  so  great  on  the  same  plot,  that  we  have 
found  it  quite  impracticable  to  make  calculations  as  to  loss  or  gain  in  the  total 
nitrogen  of  the  subsoils. 

Upon  the  whole  we  conclude,  that  certainly  the  estimated  losses  of  the  surface 
soils,  and  probably  also  the  estimated  gains,  are  higher  than  can  possibly  happen  in 
practice ;  and  that  the  results  are  due  to  the  method  of  taking  the  samples  of  soil  not 
being  such  as  to  ensure  strictly  comparable  estimates  at  the  different  periods.  At 
the  same  time  there  can  be  no  doubt  that  there  would  be  losses  beyond  those  due  to 
the  removal  of  the  crops,  under  the  conditions  in  which  losses  were  found ;  that  is, 
when  the  land  was  under  arable  culture.  Nor  can  there  be  any  doubt  that  there 
would  be  gains  m  the  surface  soil  when  the  land  was  laid  down  in  sainfoin  and  mixed 
grasses  ;  and  M.  Deherain  points  out  the  practical  significance  of  such  facts. 

M.  Deherain  concludes  that  the  loss  of  nitrogen  by  arable  soil,  that  is  by  soil  that 
is  mechanically  worked,  is  due  to  the  slow  combustion  of  the  nitrogenous  organic 
matter  of  the  soil ;  the  nitrogen  being  either  evolved  as  free  nitrogen,  or  oxidated 
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into  nitric  acid,  and  carried  down  into  tlie  subsoil,  or  into  the  drains.  As  to  the  gain 
bv  the  surface  soil,  he  considers  that  part  is  due  to  the  action  of  deep-rooted  plants, 
in  taking  up  the  nitric  acid  accumulated  in  the  lower  layers,  and  leaving  a  nitrogenous 
residue  near  the  surface  ;  a  view  in  which  we  fully  concur.  As  to  gains  not  so  to  be 
accounted  for,  he  considers  it  not  yet  settled  whether  they  are  due  to  the  ammonia  of 
the  atmosphere,  as  supposed  by  M.  Schlcesing,  or  to  free  nitrogen,  as  supposed  by 
M.  Berthelot. 

In  conclusion  it  may  be  remarked  that,  if  the  losses  in  ordinary  agriculture  were  in 
amount  anything  like  those  which  M.  Deherain’s  figures  show,  even  such  large  gains 
as  are  also  indicated,  would  be  far  from  sufficient  to  compensate  them.  It  would 
indeed  be  necessary  to  seek  for  other  sources  of  restoration,  if  our  arable  surface  soils 
are  not  to  lose  their  nitrogen  much  faster  than  we  believe  is  the  case  in  actual 
practice.  That  they  do,  however,  slowly  suffer  reduction  in  their  stock  of  nitrogen, 
when  there  is  no  restoration  from  without,  there  can  we  believe  be  no  doubt.  In 
other  words,  in  actual  practice,  without  such  restoration  from  external  sources,  the 
losses  are  not  fully  compensated. 

3.  The  Experiments  o/M.  H.  Joulie.* 

In  this  and  subsequent  sections,  we  have  to  consider  evidence  in  regard  to  the 
fixation  of  free  nitrogen,  obtained,  not  in  closed  vessels,  nor  in  the  open  field,  but  in 
vegetation  experiments  in  which  the  soils  and  the  plants  were  exposed  to  the  free  air, 
with  known  amounts  of  combined  nitrogen  supplied,  and  with  more  or  less  adequate 
precautions  taken  to  exclude  other  sources  than  the  free  nitrogen  of  the  atmosphere. 
M.  Joulie’s  experiments  are,  in  point  of  date,  the  earliest  of  those  we  have  to 
notice. 

M.  JouLiE  made  two  series  of  experiments  on  this  subject.  In  the  first  he  used  a 
sandy-clay  soil  containing  0T04  per  cent,  of  nitrogen,  and  in  the  second  a  sand 
containing  only  0'0069  per  cent,  of  nitrogen.  In  each  series  he  used  glass  pots,  with 
glass  pans;  in  the  first  series  he  included  12  experiments,  each  in  duplicate  ;  and  in 
the  second  series  10  experunents,  also  each  in  duplicate.  Pounded  glass  was  put  at 
the  bottom  of  each  pot,  and  in  each  case  1500  grams  of  the  matrix  was  used.  Pure 
distilled  water  was  supplied  to  the  pans,  which  also  received  the  drainage ;  and  above 
the  level  of  the  water  there  were  slits  in  the  pots,  for  the  aeration  of  the  soil  and  the 
roots.  The  pots  were  placed  on  a  bench  under  a  glass  roof,  and  were  protected  from 
birds  and  rain  by  means  of  wire  gauze  ;  the  place  of  experi  ment  being  a  court-yard  of 
the  Municipal  Hospital,  Hue  Faubourg  St.  Denis,  Paris.  The  difierent  experiments 
represented  so  many  different  conditions  as  to  manuring,  those  of  Series  1,  being  as 
under  : — 

No.  1. — Without  manure. 

*  ‘Bulletin  de  la  Societe  des  Agriculteiirs  de  France,’  No.  1,  Janvier  1,  1886,  pp.  19-29. 
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No.  2. — A  complete  mineral  manure,  containing  potassium  sulphate  and  chloride, 
calcium  sulphate,  bicalcic-phosphate,  and  magnesium  sulphate. 

No,  3. — The  complete  mineral  manure,  and  nitrate  of  soda  =  0’3  gTam  nitrogen. 

No.  4. — The  complete  mineral  manure,  and  calcium  carbonate. 

No.  5, — The  complete  mineral  manure,  and  caustic  lime. 

No.  6. — The  mineral  manure,  excluding  the  bicalcic-phosphate,  with  nitrate  of  soda 
=  0'3  gram  nitrogen. 

No.  7. — The  mineral  manure,  excluding  tire  potash,  with  nitrate  of  soda  =  O' 3  gram 
nitrogen. 

No.  8. — Farm-yard  manure,  containing  0'4  gram  of  nitrogen. 

No.  9. — The  same  quantity  of  farm-yard  manure,  and  calcium  carbonate. 

No.  10. — The  complete  mineral  manure,  and  dried  blood  =  0'4  gram  nitrogen. 

No.  11. — The  complete  mineral  manure,  dried  blood  as  in  No.  10,  and  calcium 
carbonate. 

No,  12. — Farm-yard  manure  as  No.  8,  and  mineral  constituents  sufficient  to  bring 
the  mineral  supply  up  to  that  of  the  complete  mineral  manure. 

On  June  30,  1883,  6  germinated  seeds  of  buckwheat  were  sown  in  each  pot.  There 
was  great  variation  in  the  luxuriance  of  growth.  On  September  6,  all  the  crops  were 
cut  at  the  level  of  the  soil,  leaving  the  roots  in  it.  On  September  15,  after  stirring 
the  soils,  each  pot  was  re-sown  with  a  mixture  of  rye-grass  and  hybrid  trefoil.  The 
rye-grass  grew  slowly  through  the  winter,  but  the  trefoil  almost  disap j)eared.  In 
March,  1884,  the  herbage  was  cut,  a  little  more  rye-grass  and  trefoil  was  sown,  and  a 
second  cutting  was  taken  on  June  18.  On  June  20  nitrate  of  soda  =  O'l  gram 
nitrogen  was  supphed  to  Nos.  3,  6,  and  7  ;  and  on  August  21  the  last  cutting  was 
taken. 

The  soils  of  the  duplicate  pots  were  mixed,  as  also  were  the  crops,  and  the  nitrogen 
was  determined  in  the  soils  and  in  the  crops  separately.  The  following  Table 
summarises  the  results  obtained  : — 

Series  1. — Experiments  with  Sandy-clay  Soil. 


Experi¬ 

ments. 

Manures. 

Nitrogen, 

Crops, 

dry. 

Nitrogen. 

Nitrogen, 
gain  01- 
loss. 

In 

soil. 

In 

manure. 

Total. 

In 

soil. 

In 

crops. 

Total. 

gr- 

gi’- 

gr- 

gr- 

gr- 

gr- 

gr- 

gr- 

1 

Without  manure . 

1'56 

1-56 

11-00 

1-685 

0-3658 

2-0508 

+  0-4908 

2 

Complete  mineral  manure . 

1-56 

1-56 

13-45 

1-719 

0-3540 

2-0730 

-1-  0-5130 

3 

Mineral  manure  and  nitrate  .... 

1-50 

0-300 

1-86 

19-10 

1-895 

0-5163 

2-4113 

+  0-5513 

4 

Mineral  and  calcium  carbonate  .  . 

1-66 

,  , 

1-56 

14-70 

1-829 

0-3390 

2-1680 

+  0-6080 

5 

Mineral  and  caustic  lime . 

1-56 

1-56 

13-80 

2-042 

0-3834 

2-4254 

-1-  0-8654 

6 

Mineral  without  phosphate,  and  nitrate 

1-56 

0-300 

1-86 

14-42 

1-599 

0-4886 

2-0876 

-t-  0-2276 

7 

Mineral  without  potash,  and  nitrate 

1-56 

0-300 

1-86 

8-80 

1-825 

0-3110 

2-1360 

0:2760 

8 

Fann-yard  manure . 

1-56 

0-400 

1-96 

14-35 

1-752 

0-3754 

2-1274 

+  0-1674 

9 

Do.,  and  calcium  carbonate 

1-66 

0-400 

1-96 

14-85 

1-857 

0-3679 

2-2249 

+  0-2649 

10 

Mineral,  and  dried  blood . 

1-56 

0-400 

1-96 

17-95 

1-759 

0-5664 

2-3154 

+  0-3554 

11 

Mineral,  dried  blood,  and  calcium  car- 

1-56 

0-400 

1-96 

12-80 

1-523 

0-4234 

1-9464 

-  0-0136 

bonate 

12 

Farm-yard  manure  and  mineral  .  .  . 

1-56 

0-400 

1-96 

15-65 

1-716 

0-3814 

2-0974 

+  0-1374 
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In  the  results  given  in  the  Table  no  account  is  taken  of  the  nitrogen  in  the  seed 
sown,  which  is  estimated  at  not  more  than  2  to  3  millig.  in  the  buckwheat,  and  the 
same  in  the  rye-grass  and  trefoil,  or  in  all  not  more  than  from  4  to  6  millig.,  which 
M.  JoULiE  thinks  was  largely  compensated  by  leaves  of  the  buckwheat  carried  away 
by  the  wind.  He  considers  that  the  results  are  as  exact  as  possible  in  experiments 
of  the  kind.  He  concludes  that,  as  in  M.  Berthelot’s  experiments,  the  results 
establish  the  reality  of  the  fixation  of  free  nitrogen  in  the  presence  of  clay ;  and 
further,  that  the  fixation  takes  place  to  a  greater  extent  in  the  presence  of  vegetation, 
when  the  conditions  are  favourable  for  the  development  of  the  plants. 

In  the  second  series  of  experiments  sand  instead  of  soil  was  used.  The  percentage 
of  nitrogen  in  it  was  only  0’0069,  so  that  the  actual  amount  of  combined  nitrogen 
supplied  in  the  1500  grams  put  into  each  pot,  was  only  0T035  gram. 

This  series  included  10  conditions  as  to  manuring,  each  in  duplicate.  Each  pot  of 
experiments  1  to  8  received  the  complete  mineral  manure — No.  1  alone;  Nos.  2,  3,  4, 
and  5,  each  with  0’3  gram  of  nitrogen  as  nitrate  of  soda;  No.  6  with  0 ’2  gram 
nitrogen  as  nitrate  of  soda  (half  applied  at  the  commencement  and  half  a  month 
later);  No.  7  with  0*2  gram  nitrogen  as  ammonium  sulphate;  No.  8  with  0'3  gram 
nitrogen  as  dried  blood;  No.  9  received  farm-yard  manure  =  0*3  gram  nitrogen,  with 
mineral  constituents  sufficient  to  bring  the  mineral  supply  up  to  that  by  the  complete 
mineral  manure;  lastly.  No.  10  received  at  the  commencement  0‘3  gram  nitrogen  as 
powdered  hay,  and  later  0‘1  gram  as  nitrate  of  soda;  the  mineral  composition  of  the 
manure  being  made  up  as  in  the  case  of  the  farm-yard  manure. 

On  May  25,  1884,  10  germinated  seeds  of  buckwheat  were  sown  in  each  of  the 
pots,  excepting  those  of  Experiment  2,  which  received  only  5,  and  those  of  Experi¬ 
ment  3  which  received  15.  On  September  16  the  plants  were  cut,  and  they  and  the 
soils  were  analysed,  the  duplicates  being  mixed  as  before.  The  results  are  given  m 
the  following  Table. 


Series  II. — Experiments  with  Sand  as  Soil. 


Experi¬ 

ments. 

Nitrogen. 

Crops, 

dry. 

Nitrogen. 

Nitrogen, 
gain  or 
loss. 

•  Manm'e.s. 

In 

Soil. 

la 

Manure. 

Total. 

In 

Soil. 

In 

Crops. 

Total. 

gi'- 

gr- 

gr. 

gr- 

gr- 

gr- 

gr. 

gr- 

1 

Complete  mineral  manure  .... 

0-1035 

0-1035 

0-970 

0-1455 

0-0290 

0-1745 

+  0-0710 

2 

Do., 

and  nitrate  soda  .... 

0-1035 

0-300 

0-4035 

6-825 

0-3-270 

0-1405 

0-4675 

+  0-0640 

3 

Do., 

do.  .... 

0  1035 

0-300 

0-4035 

6-585 

0-3060 

0-1680 

0-4740 

+  0-0705 

4 

Do., 

do.  .... 

0-1035 

0-300 

0-4035 

5-890 

0-4080 

0-1375 

0-5455 

+  0-1420 

5 

Do., 

do.  .... 

0-1035 

0-300 

0-4035 

7-850 

0-2280 

0-2525 

0-4805 

-t  0-0770 

6 

Do., 

do.  .... 

0-1035 

0-200 

0-3035 

7-612 

0-2280 

0-2420 

0-4700 

0-1665 

7 

Do., 

and  ammonium  sulphate  .  . 

0-1035 

0-200 

0-3035 

6-425 

0-1850 

0-2315 

0-4165 

+  0-1130 

8 

Do., 

and  dried  blood . 

0-1035 

0-300 

0-4035 

5-600 

0-2685 

0-1375 

0-4060 

-t-  0-0025 

9 

Do., 

and  farm-yard  manure  .  .  . 

0-1035 

0-300 

0-4035 

4-572 

0-4350 

0-1205 

0-5555 

+  0-15-20 

10 

Do.,  powdered  hay,  and  nitrate 
soda 

0-1035 

0-400 

0-5035 

1-225 

0-3570 

0-0390 

0-3960 

-  0-1075 
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In  the  experiments  of  the  first  series,  with  a  range  of  from  1'56  to  1‘96  gram  of 
combined  nitrogen  supplied,  there  were,  in  several  cases,  indicated  gains  of  0‘5  gram, 
or  more;  and  in  one  case  the  gain  amounted  to  0'865  gram.  In  the  experiments  of 
the  second  series,  with  a  total  supply  in  sand  and  manure  generally  ranging  from 
0'3  to  0'5  gram,  there  was,  in  one  case  a  loss,  in  five  cases  the  gain  was  less  than 
O'l  gram,  and  in  no  instance  did  it  reach  0'2  gram.  M.  Joulie  attributes  the  less 
amount  of  gain  in  the  second  series,  to  the  much  shorter  period  of  vegetation  involved. 

Reviewing  the  results  of  the  two  series  of  experiments,  M.  Joulie  says  the 
variable  quantities  of  nitrogen  gained  cannot  be  attributed  to  dust,  ammonia,  or  other 
compounds  of  nitrogen,  in  the  air,  as  all  the  pots  were  equally  exposed  to  these ; 
whilst  there  is  a  range  from  0‘1075  gram  loss,  to  0‘8654  gram  gain  of  nitrogen,  the 
difference  amounting  to  nearly  1  gram.  The  result  must  be  due,  therefore,  to  the 
fixation  of  the  free  nitrogen  of  the  air,  either  in  the  soil  or  by  the  plant.  M.  Berthelot 
attributed  the  result  in  his  experiments  to  the  clay  soil,  under  the  influence  of  microbes  ; 
but  M.  Joulie  cannot  go  so  far.  It  was,  however,  true  that,  in  his  experiments,  the 
surface  of  the  water  in  the  pots  and  the  surface  of  the  soils  showed  myriads  of 
microbes.  He  asks — if  such  bodies  can  cause  the  fixation  of  free  nitrogen,  why  should 
not  grouped  cells,  as  in  the  case  of  the  higher  plants,  have  the  same  power? 

He  further  says — as  plants  have  the  power  of  causing  the  combination  of  carbon 
with  the  elements  of  water,  after  having  decomposed  carbonic  acid,  whilst  chemists 
can  only  reduce  it  to  carbonic  oxide  ;  as  MM.  Thenaed  have  succeeded  in  bringing 
nitrogen  into  combination  with  the  elements  of  water ;  and  as  M.  Berthelot  has 
shown  that  free  nitrogen  is  brought  into  combination  with  dextrine  and  cellulose 
under  the  influence  of  the  silent  electric  discharge — it  is  only  a  logical  consequence 
that  free  nitrogen  should  be  brought  into  combination  within  the  plant.  In*  reference 
to  this  argument  it  may  be  oberved  that  the  jiarallelism  of  the  action  by  which  free 
nitrogen  combines  with  the  elements  of  water  in  the  laboratory,  with  that  by  which 
carbon  and  the  elements  of  water  combine  within  the  plant,  only  holds  good  on  the 
assumption  that  the  carbon  of  the  carbonic  acid  is  first  reduced  to  the  free  state,  and 
so  combines  with  the  elements  of  water,  without  the  intervention  of  its  own  oxygen. 

M.  Joulie  compares  the  amounts  of  nitrogen  fixed  in  his  various  experiments  with 
the  amounts  of  crop  produced,  and  observes  that  the  gains  have  no  relation  to  the 
amount  of  vegetation.  He  next  comments  on  the  connection  between  the  condition 
of  manuring  of  the  various  soils,  and  the  amounts  of  nitrogen  gained.  Referring  to 
the  results  of  the  first  series  of  experiments,  he  points  out  that  whilst  without  manure 
the  gain  was  0'491  gram,  it  was  raised  to  0’513  gram  by  purely  mineral  manure. 
Again,  whilst  the  addition  to  the  mineral  manure  of  0'3  gram  nitrogen  as  nitrate  of 
soda  only  gave  a  further  gain  of  0‘038  gram,  and  the  addition  of  calcium  carbonate 
increased  the  fixation  by  only  0‘0950  gram,  the  addition  of  caustic  lime  increased  the 
fixation  by  0'352  gram.  It  appeared,  therefore,  that  lime  exercised  a  very  favourable 
influence  on  the  phenomenon. 
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On  the  other  hand,  the  nse  of  organic  matter,  as  farm-yard  mannre,  or  dried  hlood, 
much  reduced  the  amount  of  fixation.  The  addition  of  calcium  carbonate  to  the  farm¬ 
yard  manure  increased  the  fixation,  wliilst  the  same  addition  to  the  dried  blood 
reduced  it. 

When  in  the  first  series  of  experiments  either  phosphoric  acid  or  potash  was 
excluded  from  the  mineral  manure,  there  was  a  most  remarkable  decline  in  the 
amount  of  fixation,  indicating,  M.  Joulie  thinks,  how  necessary  is  a  due  balance  of  the 
mineral  supplies  for  the  full  development  of  the  action. 

In  the  second  series,  as  in  the  first,  the  unfavourable  influence  of  organic  manures 
was  obvious. 

M.  Joulie  concludes  that  his  own  results,  like  those  of  M.  Berthelot,  show  that 
the  fixation  of  nitrogen  is  due  to  a  physiological  action.  Microbes  play  an  important 
part ;  and  his  own  experiments  show  that  the  action  is  developed  in  the  absence  of 
clay.  His  results  were  not  very  favourable  to  the  supposition  that  the  plants  them¬ 
selves  effected  the  fixation ;  but  he  considers  that  further  comparative  experiments, 
with  and  without  vegetation,  are  necessary  to  settle  the  point.  For  the  present  he 
limits  himself  to  the  establishment  of  the  great  fact  of  the  fixation  of  the  free  nitrogen 
of  the  atmosphere,  leaving  to  the  future  the  exact  explanation. 

In  order  to  show  the  practical  importance  of  the  fixation  of  free  nitrogen,  M.  Joulie 
takes  for  illustration  the  results  of  the  experiment  No.  5,  in  the  first  series,  in  which 
the  largest  amount  of  gain  was  indicated.  In  that  experiment  the  complete  mineral 
manure,  with  caustic  lime  in  addition,  was  used,  without  any  artificial  supply  of  nitrogen. 
At  the  commencement  the  soil  contained  1‘56  gram,  and  at  the  conclusion  2'042  grams 
of  nitrogen,  and  the  crops  contained  0'3834  gram,  showing  a  total  gain,  therefore,  of 
0’8654  gram  nitrogen.  As  the  soil  in  the  pots  was  10  cm.  deep,  he  calculates  that 
this  would  correspond  to  1144  kilograms  of  nitrogen  fixed  per  hectare  weighing 
2000  tonnes  (=  1021  lbs.  nitrog’en  per  acre).  Or,  reckoning  only  according  to  the 
relative  superficies  of  the  soil  in  the  pots,  and  of  a  hectare,  the  gain  of  nitrogen  would 
be  432  kilograms  per  hectare  (=380  lbs.  per  acre).  He  further  reckons,  that  the 
value  of  the  nitrogen  gained,  at  1  franc  50  per  kilogram  as  in  manures  would  be 
1716  francs,  or  650  francs  per  hectare  (=  555  or  210  shillings  per  acre),  according  to 
the  mode  of  calculation  adopted.  He  admits,  however,  that  it  cannot  be  estimated  so 
high,  because  the  nitrogen  fixed  in  the  soil  is  in  a  form  not  at  once  assimilable 
by  plants. 

In  reference  to  the  above  results,  M.  Joulie  says  that  our  own  at  Bothamsted,  and 
those  of  M.  Deherain  in  France,  obtained  in  field  experiments,  cannot  be  relied  upon 
as  the  basis  of  conclusions  on  this  subject ;  because  the  samples  of  soil  taken  at 
different  times  cannot  exactly  represent  the  mean  composition  of  the  soil,  and  because 
the  layer  of  soil  sampled  may  have  lost  combined  nitrogen  by  drainage,  or  gained  it 
from  the  subsoil.  M.  Joulie,  on  a  former  occasion,  indicated  in  more  detail  his 
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objection  to  our  mode  of  experimenting ;  but  he  did  so  in  a  way  which  showed  entire 
ignorance  or  misconception  of  our  method. 

We  have  already  given  our  reasons  for  believing  that  certainly  the  losses,  and 
probably  the  gains  also,  shown  in  M.  Deherain’s  experiments  w^ere  too  high.  We 
nevertheless,  quite  agree  that  there  would  be  losses  wdiere  he  found  losses,  and  that 
there  would  be  gains  where  he  found  gains.  It  is  to  be  observed,  however,  that  it  was 
under  the  conditions  of  arable  culture,  that  is  of  artificially  aerated  soil,  and  with  vege¬ 
tation,  that  M.  Deherain  found  great  losses,  whilst  it  is  in  well  aerated  soils,  also  with 
vegetation,  that  M.  Joulie  finds  such  enormous  gains. 

It  is  further  to  be  observed  that  the  large  gains  shown  in  M.  J oulie’s  results  were 
obtained  chiefly  in  the  growth  of  buckwheat,  and  not  with  plants  of  the  Leguminous 
family  which  are  reputed  to  be  “Nitrogen  collectors^'  From  our  own  results,  taken 
together  with  known  facts  as  to  agricultural  production,  and  the  fertility  of  soils,  it 
may  be  confidently  affirmed  that  such  gains  as  M.  Joulie  finds  within  a  period  of 
about  14  months,  do  not  take  place,  either  with  or  without  vegetation,  in  ordinary 
soils,  in  ordinary  practice. 

4.  The  Experiments  of  B.  E.  Dietzell. 

At  tlie  meeting  of  the  Naturforscher-Versctnimlung  at  Magdeburg  in  1884, 
Dr.  Dietzell  gave  the  results  of  experiments,  the  primary  object  of  which  was  to 
determine  whether  plants  absorb  combined  nitrogen  from  the  atmosphere  by  their 
leaves ;  but  they  equally  afford  evidence  on  the  question  whether  they  assimilate  the 
free  nitrogen  of  the  air.  The  plants  selected  were  peas  and  clover,  each  of  ydiich  he 
grew  under  four  conditions  as  to  manuring.  A  garden  soil,  containing  0'4]  5  per  cent, 
of  nitrogen  was  used,  and  the  experimental  pots  were  made  of  hard  burnt  clay.  The 
plants  were  watered  with  distilled  water,  and  the  drainage  was  returned  to  the  soils. 
The  pots  and  then-  contents  were  exposed  to  free  air,  but  protected  by  a  linen  roof 

The  conditions  of  the  different  experiments  were  as  follows  : — No.  1,  without 
manure ;  No.  2,  manured  with  kainite  ;  No.  3,  with  kainite  and  superphosphate  ; 
No.  4,  with  kainite,  superphosphate,  and  calcium  carbonate;  No.  5,  with  kainite, 
superphosphate,  and  calcium  carbonate,  but  without  a  plant ;  and  No.  G,  without 
eitlier  manure  or  plant. 

The  nitrogen  was  determined  in  the  original  soil,  and  in  the  seed  ;  also  in  the  soil 
at  the  conclusion  of  the  experiment,  and  in  the  plants  grown.  The  following  figures 
show  the  losses  or  gains  of  nitrogen,  represented  in  percentage  of  the  original 
nitrogen  in  soil  and  seed  : — 
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Loss  or  gain  of  nitrogen. 

Peas. 

Clover. 

Without  plant. 

per  cent. 

per  cent. 

per  cent. 

Without  manure . 

-  10-69 

-  5-10 

-b  0-26 

Kainite . 

-  15-32 

-  14-76 

Kainite  and  superphosphate  • . 

0-00 

-  7-37 

Kainite,  superphosphate,  and  calcium  carbonate 

! 

-  12-72 

-  10-38 

-  10-24 

Thus,  there  was,  in  every  case  but  one  with  the  peas,  and  in  every  case  with  the 
clover,  a  loss,  not  a  gain,  of  nitrogen.  There  was  also  a  loss  where  the  soil  was 
maiiured,  but  left  without  a  plant. 

On  the  other  hand,  in  the  experiment  without  either  manure  or  plant,  the  figures 
show  a  gain  of  nitrogen.  In  reference  to  this  last  result,  it  should,  however,  be 
stated,  that  whilst  in  one  German  account  it  is,  as  in  the  Table,  given  as  a  gain  of 
only  0'26  per  cent,  of  the  original  nitrogen,  in  another  German  account,  as  well  as  in 
an  English  one,  it  is  represented  as  a  gain  of  0’26  gram.  In  the  first  case  the  gain 
would  be  immaterial,  whilst  in  the  other  it  would  be  considerable,  though  still  but 
small  compared  with  the  results  obtained  by  M.  Joulie. 

It  is  to  be  observed  that  whilst  with  almost  exclusively  non-leguminous  growth, 
M.  Joulie  found  gains  of  nitrogen  in  all  cases,  and  in  some  very  large  gains. 
Dr.  Dietzell,  experimenting  exclusively  with  leguminous  plants,  which  are  credited 
with  being  beyond  all  others  atmospheric  nitrogen  accumulators,  in  all  cases  found 
losses  instead  of  gains.  How  is  this  discrepancy  to  be  explained  ?  It  may  be 
answered,  that  with  a  garden  soil  containing  so  much  as  0'415  per  cent,  of  nitrogen, 
it  is  not  at  all  surprising  that  there  should  be  some  loss.  Indeed  loss  would  seem  to 
be  a  perfectly  natural  result ;  and  it  is  obvious  that,  neither  from  the  combined 
nitrogen  of  the  atmosphere,  or  that  due  to  accidental  sources,  nor  from  free  nitrogen, 
either  directly  or  indirectly,  did  these  reputed  nitrogen-collectors  gain  nitrogen  enough 
to  compensate  the  losses  from  the  rich  soil.  It  is,  indeed,  recorded  gains  that  require 
confirmation,  with  very  careful  methods  of  experimenting,  before  they  can  be  accepted 
as  conclusive  evidence  of  the  fixation  of  free  nitrogen,  and  not  as  due  merely  to 
accidental  sources  of  combined  nitrogen,  or  to  other  experimental  errors  almost 
inevitable  in  experiments  in  which  the  soils  and  the  plants  are  not  enclosed,  but 
exposed  to  the  free  air. 

In  conclusion,  all  the  results  of  Dr.  Dietzell,  excepting  the  one  in  which  he  found 
a  gain,  seem  quite  accordant  with  well  established  facts.  On  the  other  hand,  if  free 
nitrogen  is  really  fixed  in  the  soil  under  the  influence  of  microbes,  it  certainly  might 
be  supposed  that  the  result  would  be  developed  in  a  soil  so  rich  in  organic  matter, 
and  doubtless,  therefore,  in  micro-organisms  also,  as  a  garden  soil  containing  0’415  per 
cent,  of  nitrogen  ;  and  especially  might  it  be  supposed  that  it  would  be  develo})ed  in 
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the  presence  ©f  leguminous  growth,  in  connection  with  which,  if  at  all,  the  establish¬ 
ment  of  the  reality  of  such  an  action  would  serve  to  explain  facts  as  yet  not  other¬ 
wise  hilly  explained. 

5.  The  Experiments  of  Professor  B.  Frank. 

In  the  number  of  the  ‘  Berichte  der  Deutschen  Botanischen  Gesellschaft  ’  for 
August,  1886,  Dr.  Frank  gave  a  paper,  “  Ueber  die  Quellen  der  Stickstoffnahrung 
der  Pflanzen.”  At  the  meeting  of  the  Naturforscher-Versammlung,  held  at  Berlin, 
in  September,  1886,  he  gave  a  further  communication  on  the  subject;  and  he  has 
since  published  a  paper  on  the  position  of  the  question,  before,  at,  and  after  that 
meeting. 

He  admits  the  probability  of  the  conclusion  of  Boussingault  and  others,  that 
plants  do  not  directly  assimilate  free  nitrogen.  He  states,  however,  that  in  practical 
agriculture  it  is  assumed  thad  some  plants  do  fix  the  free  nitrogen  of  the  air ;  and  he 
refers  to  the  experience  and  writings  of  Schultz-Lupitz,  and  others,  on  the  point, 
especially  during  the  last  10  years.  Thus,  Schultz-Lupitz  found  that  certain 
Leguminosse,  especially  lupins,  grew  well  in  a  poor  soil,  under  the  influence  of  mineral 
manures ;  and  so  far  from  a]3pearing  to  exhaust  the  soil,  cereals,  roots,  and  potatoes, 
grew  well  after  them,  as  they  would  if  nitrogenous  manures  had  been  applied. 

Frank  refers  to  the  amount  of  combined  nitrogen  coming  down  in  rain,  &c.,  as  about 
3  kilograms  per  hectare  (=  2‘7  lbs.  per  acre),  per  annum,  and  to  the  average  amount 
of  nitrogen  removed  in  crops  as  51  kilograms  per  hectare  (=  45 '5  lbs.  per  acre), 
apparently  obtained  from  the  air  by  the  nitrogen-gathering  plants,  which  are  considered 
more  efiective  than  manure  and  cattle  feeding.  He  points  out  that  the  evidence  is 
not  conclusive,  and  he  recognises  that  the  question  is,  whether  this  is  only  Rduh-bau  ” 
after  all  ?  This  can  only  be  settled  by  dmect  experiments. 

He  had  been  working  at  the  subject  for  three  years,  and  now  gives  the  results  of 
the  last  completed  experiments,  those  of  1885.  The  first  question  to  be  decided 
was — do  the  so-called  nitrogen -gathering  plants  enrich  the  soil,  whilst  the  same  soil, 
with  the  same  exposure,  but  without  a  plant,  does  not  gain  combined  nitrogen  ? 

He  experimented  with  a  humus-sand  soil,  finely  sifted.  In  some  cases  he  used 
cylinders  of  pottery  glazed  inside,  80  cm.  (=  31 ‘5  inches)  deep,  and  17 ’5  cm. 
(=  6'9  inches)  wide;  in  others  glass  cylinders,  also  of  80  cm.  deep,  but  only  11  cm. 
(=  4’3  inches)  wide.  To  the  rim  of  each  cylinder  a  cap  of  wire  gauze  was  fixed,  to 
exclude  insects  ;  and  the  vessels  were  exposed  to  free  air.  The  soils  were  watered 
with  distilled  water.  One  of  the  wide  earthen  cylinders,  and  two  of  the  narrow  glass 
cylinders,  were  left  without  a  plant.  In  one  wide  earthen  cylinder  three  lupin  seeds 
were  sown  ;  in  one  narrow  glass  cylinder  two  lupin  seeds,  in  another  one  lupin  seed 
only,  and  in  another  one  lupin  seed  and  20  incarnate  clover  seeds  were  sowm.  If 
weeds  grew  where  there  was  no  experimental  plant,  they  were  stocked  up,  but  if  in 
tlie  vessels  with  the  experimental  plants,  they  were  undisturbed. 
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The  nitrogen  was  determined  in  seed,  in  the  products  of  growth,  and  in  tlie  soils 
before  and  after  growth.  The  seeds  and  plants  were  dried  at  50°  C.  for  analysis,  and 
it  was  found  that  the  lupin  seeds  contained  an  average  of  O'OOO  gram,  nitrogen  per 
seed,  and  that  20  incarnate  clover  seeds  contained  0'003  gram  of  nitrogen. 


Summary  of  Dr.  Frank’s  results  in  the  summer  of  1885. 


Nitrogen. 

Per  cent 

in  soils. 

Total  in 
soil  and 
seed  at 
commence- 
■  ment. 

In  the 
plants. 

Total  in 
soil  and 
plants  at 
conclusion. 

Gain  or  loss  on  the 

Before 

experi¬ 

ment. 

After 

experi¬ 

ment. 

Actual, 

Per  cent. 

Per  cent. 

Per  cent. 

Grams. 

Grams. 

Grams. 

Gr-jms. 

Per  cent. 

1.  Earthen  evlinder  withoiit  plant 

0-0957 

0-0907 

20-5755 

— 

19-5112 

-1-0643 

-  5-1 

2.  Glass  cylinder  without  plant 

0-0957 

0-0837 

9-2589 

— 

8-0979 

-1-1610 

-12-5 

o.  Glass  evlinder  without  plant 

0-0957 

0-0832 

7-1775 

6-2400 

-0-9375 

-  8-69 

4.  j 

Earthen  cylinder  with  3 1 
lupin  seeds . f 

0-0957 

0-1065 

20-5547 

0-8208 

23-6758 

+  3-1211 

+  15-2 

5.  G 

lass  cylinder  with  1  lupin  seed 

0-0957 

0-0992 

9-0373 

0-1138 

9-4781 

+  0-4408 

+  4-87 

'  Glass  cylinder  with  1  lupin,  1 

6.  J 

and  20  incarnate  clover  > 

0-0957 

0-0854 

8-29039 

0-2295 

7-6169 

-0-67349 

-  8-08 

seeds . J 

7.  Glass  cylinder  with  2  lupin  seeds 

0-0957 

0-0893 

8-8032 

0-0274 

8-22.51 

-0-5781 

-  6-56 

It  is  seen  that  the  actual  amounts  of  nitrogen  involved  were  large,  being  about 
20  grams  in  the  experiments  in  the  wider  vessels,  and  nearly  half  as  much  in  those  in 
the  narrower  vessels.  The  losses  were  in  some  cases  about,  or  more  than,  a  gram ; 
and  one  of  the  two  gains  amounted  to  more  than  3  grams. 

In  each  of  the  three  experiments  without  a  plant  (Nos.  1,  2,  and  3),  there  was  a 
loss  of  nitrogen.  Frank  states  that  it  was  not  as  nitric  acid,  which  either  diminished 
but  little,  or  increased,  there  being  no  plant  to  take  it  up.  Nor  was  it  as  ammonia, 
as  a  direct  experiment  with  a  rich  peaty  soil,  enclosed  under  a  luted  bell  jar,  and 
ammonia  free  air  passed  through  it,  showed  very  little  ammonia  evolved.  He  points 
out  that  the  more  imperfect  the  ventilation  of  the  soil,  the  less  was  the  gain ;  and  he 
considers  it  probable  that  in  the  absence  of  ventilation  the  evolution  of  free  nitrogen 
would  be  enhanced.  In  fact  the  losses  were  greater  in  experiments  2  and  3  with 
vessels  80  cm.  (=  31 ’5  in.)  deep,  and  only  11  cm.  (=  4'3  in.)  wide,  than  in  No.  1 
with  a  width  of  17 '5  cm.  (=  6'9  in,). 

It  is  indeed  obvious  that,  with  vessels  so  narrow  and  deep,  and  closed  at  the 
bottom,  as  according  to  the  description  we  conclude  they  were,^'  and  with  no  plant  to 
cause  evaporation,  and  with  consequently  very  little  aeration,  the  conditions  would  be 
favourable  for  the  evolution  of  free  nitrogen,  and  the  more  so  in  the  narrower  vessels. 
In  fact  it  may  be  doubted  whether,  if  there  had  been  holes  at  the  bottom  of  the 

*  We  have  since  ascertained  that  the  vessels  were  closed  at  the  bottom. 
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vessels,  and  free  aeration  had  been  kept  up,  there  would  have  been  any  loss  at  all 
from  a  soil  containing,  as  this  soil  did,  less  than  O'l  per  cent,  of  nitrogen. 

It  is  further  to  be  observed  that  the  losses  with  growth  were,  in  No.  6,  wdrere  the 
one  lupin  plant  died  before  blooming,  and  where  only  7  of  the  20  incarnate  clover 
seeds  grew,  and  in  No.  7  where  only  one  of  the  two  lupin  seeds  grew,  and  it  gave 
very  small  produce.  In  both  cases,  therefore,  there  would,  independently  of  the  soil 
itself,  be  decomposing  organic  matter,  conditions  under  which,  in  the  experiments  of 
Boussingault,  and  also  in  those  at  Rothamsted,  there  was  more  or  less  loss,  supposed 
to  be  as  free  nitrogen. 

Again,  in  the  experiment  above  referred  to,  made  to  determine  whether  there  was 
any  material  loss  as  ammonia,  Frank  used  a  very  unusually  rich  soil,  containing 
1’1836  per  cent,  of  nitrogen,  which  after  exposure  for  180  days  to  a  current  of  air  in 
shallow  vessels,  only  contained  1’0976  per  cent.  It  had  lost  therefore  0'0860  per 
cent.,  corresponding  to  7 ’27  per  cent,  of  its  total  nitrogen,  of  which  only  0‘0004  wms 
as  ammonia.  In  reference  to  this  loss  Frank  says  that  if  such  loss  is  always  going 
on  in  the  soil,  we  must  suppose  that  there  is  restoration  in  some  way.  But  it  is  to 
be  observed  that  the  soil  in  which  he  found  such  loss  was  not  only  about  12  times  as 
rich  as  the  one  used  in  his  other  experiments,  but  probably  8  or  10  times  as  rich  as 
the  majority  of  ordinary  arable  soils.  Hence  it  is  obvious  that  the  amount  of  loss  it 
sustained,  cannot  be  taken  as  any  indication  of  what  happens  m  actual  practice. 
Nor  can  the  conditions  of  the  experiments  in  the  narrow  and  deep  vessels  wdthout 
ventilation,  be  considered  comparable  with  those  of  ordinary  arable  surface  soils,  or 
even  of  subsoils  with  fairly  good  natural,  or  with  artificial  drainage. 

That  soils  do  lose  nitrogen,  not  only  by  the  removal  of  crops,  but  also  by  drainage 
of  nitric  acid,  is  certain ;  and  if  there  is  no  return  of  nitrogenous  manures  from 
without,  the  result  is  a  gradual  diminution  of  the  fertility,  so  far  as  the  nitrogen  is 
concerned.  But  the  balaiice  of  evidence  is  against  the  supposition  that  there  is  a 
constant  and  considerable  loss  by  the  evolution  of  free  nitrogen,  in  the  case  of  arable 
soils  which  are  only  moderately  rich  in  nitrogenous  organic  matter,  and  which  are 
fairly  drained,  either  naturally  or  artificially. 

On  this  point  it  may  be  mentioned  that,  in  those  of  the  field  experiments  at 
Ptothamsted  in  which  the  unusual  practice  of  applying  farm-yard  manure  every  year  is 
adopted,  it  is  found  that  there  is  considerable  loss  of  nitrogen  from  the  soil,  beyond 
that  known  to  be  removed  in  the  crops,  and  estimated  to  be  lost  in  the  drainage. 
On  the  other  hand,  where  no  nitrogen  has  been  applied  for  many  years,  and  the 
amount  of  nitrogen  in  the  siuTace  soil  is  only  about,  or  little  more  than,  OT  per  cent., 
the  loss  of  nitrogen  by  the  soil  over  a  long  series  of  years  corresponded  approximately 
with  the  amounts  removed  in  the  crops,  together  with  those  estimated  to  be  lost  in 
the  drainage.  Again,  when  ammonium- salts  are  applied,  even  so  late  in  the  season  as 
October  or  November,  and  drainage  takes  place  soon  afterwards,  the  drainage-waters 
will  contain  amounts  of  nitrogen  showing  a  very  direct  relation  to  the  difierent 
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amounts  of  ammonia  applied  in  the  manure  ;  but  scarcely  any  of  it  as  ammonia, 
nearly  the  whole  existing  as  nitric  acid;  and  this  is  the  case  although  the  drainage 
passes  through  20  inches  or  more  of  raw  clay  subsoil.  Lastly,  direct  experiments 
have  shown  that  there  is  a  diminution  m  the  amount  of  nitric  acid  in  the  soil  down  to 
a  certain  deptli,  varying  according  to  the  root-range  of  the  crop  grown,  and  to  the  season, 
but  that  in  the  depths  of  the  subsoil  below  this  point,  the  amount  is  again  greater. 

Upon  the  whole,  then,  we  are  disposed  to  think  that,  in  most  arable  soils  which  are 
only  manured  and  cropped  as  in  ordinary  practice,  and  which  have  fair  natural  or 
artificial  drainage,  there  is  little  if  any  loss  by  the  evolution  of  free  nitrogen. 

We  would  indeed  submit,  that  the  losses  found  by  Dr.  Frank  in  his  series  of 
7  experiments,  are  in  all  probability  largely,  if  not  entirely,  accounted  for  by  the 
special  conditions  of  the  experiments  themselves  to  which  attention  has  been  called, 
and  that  those  found  in  the  rich  soil,  in  the  closed  vessel,  depended  greatly  if  not 
wholly  on  the  abnormal  character  of  the  soil  itself. 

The  gains  (as  in  Experiments  4  and  5)  are,  however,  by  no  means  so  easy  to 
explain.  Indeed,  if  there  were  no  accidental  source  of  error,  such  as  all  vegetation 
experiments  in  free  air  must  be  more  or  less  liable  to,  the  explanation  obviously 
would  be,  that  the  free  nitrogen  of  the  air  had  come  into  play  in  some  way. 

Dr.  Frank  supposes  that,  even  in  Experiments  6  and  7,  where  a  loss  was  indicated, 
there  had  nevertheless  been  a  gain  under  the  influence  of  the  plant  growth,  but  not 
sufficient  to  counterbalance  the  loss.  We  would  suggest  that,  in  Experiments  4  and 
5,  where  a  gain  was  indicated,  there  may  have  been  no  loss  at  all ;  especially  in  No.  4, 
with  the  wider  vessel,  and  where  the  growth  of  the  lupins  was  the  most  luxuriant, 
and  the  seed  ripened ;  for,  under  such  conditions,  there  would  be  much  more 
evaporation,  and  therefore  much  more  movement  within  the  soil,  and  aeration  of  it. 

But,  apparently  giving  full  force  to  the  evidence  in  his  experiments  of  loss  by  the 
evolution  of  free  nitrogen,  and  taking  it  as  confirmation  of  the  supposition  that  in 
actual  practice  soils  suffer  to  a  very  material  extent  in  this  way.  Dr.  Frank  says  that 
all  that  can  be  concluded  with  certainty  is — that  two  opposite  actions  are  at  work  in 
the  soil — one  setting  free  nitrogen,  and  the  other  bringing  it  into  combination — the 
latter  being  favoured  by  the  presence  of  vegetation.  He  admits  that  neither  his  own 
results,  nor  those  of  others,  afford  decisive  evidence  as  to  how  this  takes  place  ;  nor  does 
he  think  that  it  follows  from  liis  results,  that  the  plant  itself  effects  the  combination. 

Independently  of  direct  experimental  evidence  on  the  point,  he  considers  it  unlikely 
that  the  gain  of  nitrogen  can  be  due  to  the  ammonia  of  the  air,  because  it  is  so  small  in 
amount,  because  the  gain  is  by  the  soil  rather  than  by  the  plant,  and  lastly,  because, 
as  the  ammonia  of  the  air  is  largely  due  to  emanations,  if  it  were  the  source  w'e 
should  be  without  explanation  of  the  circulation  of  nitrogen  in  nature  ;  that  is,  of  the 
return  of  free  nitrogen  into  combination,  to  compensate  for  the  losses  by  its  evolution 
from  combination. 
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Indeed,  with  Dr.  Frank,  as  with  other  investigators  of  this  subject,  a  prevailing 
idea  seems  to  be,  that  there  must  exist  a  source  of  compensation  for  the  loss  of 
combined  nitrogen  by  the  removal  of  crops,  by  drainage,  and  above  all  by  the 
evolution  of  free  nitrogen  from  the  soil,  and  in  other  ways.  We  believe,  however, 
that  the  losses  by  the  removal  of  crops  are  much  exaggerated,  due  account  not  being 
taken  of  the  return  by  the  manures  of  the  farm  ;  also  that  the  loss  by  the  evolution 
of  free  nitrogen  by  the  soil  is  exaggerated,  the  results  obtained  in  the  laboratory  not 
being  comparable  with  the  conditions  in  the  field.  At  tlie  same  time  we  believe, 
that  such  losses  as  do  in  reality  take  place  in  ordinary  agriculture,  are  not  fully  com¬ 
pensated  ;  but  that  arable  soils  yielding  products  for  sale,  and  not  receiving  nitro¬ 
genous  manures  from  without,  do  gradually  reduce  in  fertility,  so  far  as  them  nitrogen 
is  concerned. 

6.  The  Ex2)eriments  of  Professor  Hellriegel  and  Dr.  Wilfarth. 

At  the  Berlin  meeting  of  the  Naturforscher-Versammlung,  held  in  September, 
1886,  in  the  Section  Landivirthscliaftliclies  Versuchsivesen,  Professor  H.  Hell¬ 
riegel  gave  a  paper  entitled,  “Welche  Stickstoffquellen  stehen  der  Pflanze  zu 
Gebote  ?  ”  One  of  ourselves  was  presiding  at  the  time,  and  the  communication  was 
obviously  considered  by  the  numerous  agricultural  chemists  present  to  be  one  of 
great  interest  and  importance.  We  have  vainly  tried  to  get  the  paper  in  extenso  f 
but  we  have  now  two  accounts  of  the  results,  one  by  Hellriegel  himself,  in  the 
‘  Zeitschrift  des  Vereins  fiir  die  litdienzucker-Industrie  des  Deutschen  Reiches,’  and 
another  in  a  very  comprehensive  summary  of  the  evidence  relating  to  the  sources  of 
the  nitrogen  of  vegetation,  published  by  Professor  KoNiG.f 

Hellriegel  first  gave  results  of  experiments  with  barley,  oats,  and  peas,  made  in 
pure  washed  sand,  in  pots  20  cm.  deep,  each  containing  4  kilograms  of  the  material. 
Nutritive  solutions  containing  no  nitrogen  were  added  to  all.  One  series  of  pots 
received  besides,  a  fixed  quantity  of  nitrogen  as  nitrate  of  soda,  a  second  twice  as 
much,  and  a  third  four  times  as  much.  The  results  showed  that  in  the  case  of  the 
gramineous  plants  the  amount  of  produce  grown  had  a  direct  relation  to  the  quantity 
of  nitric  nitrogen  supplied.  It  was  very  different  with  the  peas. 

In  many  comparative  experiments  he  got  astonishing  growth  with  peas  in  the  sand 
with  all  other  food  substances,  but  without  nitrogen,  whilst  under  exactly  similar 
conditions  the  Graminese  showed  nitrogen-hunger  and  failed.  He  gives  the  following 
results  with  peas  ; — 


*  Ill  an  interview  with  Professor  Hellriegel,  at  the  meeting  of  the  Naturforscher-Versammlung, 
held  at  Cologne  in  September,  1888,  we  learnt  that  the  details  of  his  experiments  have  not  yet  been 
published,  but  that  a  full  paper  is  in  course  of  preparation.  [October,  1888.] 

‘  Wie  kann  der  Landwirt  den  Stickstoff-Vorrat  in  seiner  Wirtschafb  erhalten  nnd  vcrmehren  ?  ’ 
Berlin,  1887. 
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Total  above-ground 
dry  substance. 

Seed 

produced. 

grams. 

grams. 

1884  .... 

28-483 

13-947 

1885  .... 

27-816 

11-710 

1885  .... 

33-147 

12-426 

1886  .... 

20-372 

8-956 

To  convey  an  idea  of  what  33  grams  of  dry  produce  means,  he  states  that  with 
barley  that  amount  was  never  obtained  even  witli  the  addition  of  nitrates.  So  far  as 
we  know,  he  has  not  estimated  the  amount  of  nitrogen  in  the  produce, which,  however, 
would  be  large  ;  and  as  to  the  source  of  it,  he  says  it  is  obviously  from  the  air. 

The  quartz  sand  was  washed  many  times,  the  nutritive  mixture  given  contained  no 
compound  of  nitrogen,  and  the  plants  were  watered  with  distilled  water  (the  first 
third  of  the  distillate  not  being  used).  Hence  he  considered  the  supposition  that  acci¬ 
dental  impurity  was  the  source  of  the  nitrogen  to  be  out  of  the  question,  especially 
when  the  amount  of  the  produce  is  considered.  Further,  the  constant  failure  of  the 
Graminese  under  exactly  the  same  conditions,  afforded  direct  proof  that  the  soil  was 
not  the  source  of  the  nitrogen.  He  concludes  : — • 

The  Papilionaceae  are  distinguished  from  the  Graminese  in  not  being  dependent  on 
the  soil  for  their  nitrogenous  food.  The  sources  of  nitrogen  which  the  atmosphere 
affords  have,  for  these  plants,  the  highest  importance.  They  alone  can  suffice  to  bring 
them  to  a  normal  or  full  development. 

To  determine  how  far  the  combined  nitrogen  in  the  atmosphere  was  the  source,  he 
made  a  series  of  4  experiments,  in  each  of  which  a  pot  of  peas  was  enclosed  under  a 
glass  shade,  and  a  constant  stream  of  air  was  passed  through  ;  in  No.  1,  without  first 
washing  the  air,  but  in  Nos.  2,  3,  and  4,  the  air  was  washed  to  remove  all  nitric  acid 
and  ammonia.  The  result  was,  that  the  growth  was  as  good  with  the  washed  as 
with  the  unwashed  air.  There  only  remained,  therefore,  the  supposition  that  the 
Papilionacem  have  the  power  of  utilising  free  nitrogen.  He  accepts  the  conclusion  of 
Boussingault  that  the  Papilionacese  cannot  directly  assimilate  free  nitrogen  ;  but  the 
possibility  of  an  indirect  action  is  not  thus  excluded.  In  the  first  place  BEUTHELOxhad 
shown  that  bacteria  abound  in  the  soil,  and  possess  the  power  of  bringing  free  nitrogen 
into  organic  combination ;  and  secondly  the  nodules  found  on  the  roots  of  normally 
growing  Papilionaceae  are  full  of  bacteria. 

The  author  has  often  observed  that  when  peas  are  grown  in  a  nitrogen -free  soil,  the 
growth  is  quite  normal,  and  the  colour  of  the  leaves  quite  healthy,  until  the  reserve 
material  of  the  seed  is  used  up.  Growth  is  then  arrested,  and  the  leaves  become  pale 
or  yellow ;  but  after  a  shorter  or  longer  time,  they  regain  their  green  colour,  a  second 
period  of  growth  begins,  and  it  continues  to  the  end.  In  a  series  of  parallel  experi¬ 
ments,  however,  some  plants  will  develop  full,  and  others  only  a  very  limited  growth. 

*  See  foot-note,  p.  64. 
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Examination  showed  that  the  plants  which  did  not  develop  beyond  the  first  period, 
had  either  no  nodules  on  their  roots,  or  only  weak  indications  of  them ;  whilst  the 
roots  of  the  plants  which  developed  favourably,  had  the  nodules,  and  the  more,  or  the 
older  and  stronger,  the  nodules,  the  better  was  the  development  of  the  plants.  He, 
therefore,  instituted  experiments  to  determine  whether  by  the  supply  of  the  organisms 
the  formation  of  the  root  nodules  and  favourable  growth  could  be  induced  ;  and  on  the 
other  hand,  whether  by  their  exclusion  the  result  could  be  prevented. 

To  each  of  ten  out  of  40  experimental  pots,  with  nitrogen-free  soil,  25  c.c.  of  an 
extract  of  fertile  soil,  made  with  five  times  its  weight  of  distilled  water,  was  added. 
After  a  time  the  plants  in  each  of  the  ten  pots  regained  their  green  colour,  and  grew 
vigorously ;  whilst  in  only  two  of  the  thirty  pots  without  the  addition  of  the  micro¬ 
organisms  did  the  plants  develop  favourably,  all  the  rest  showing  more  or  less 
nitrogen-hunger,  and  some  were  quite  yellow.  After  a  time  the  plants  from  two  of 
the  pots  with  bacteria,  and  from  five  without,  were  taAen  up,  and  examination  showed 
very  strikingly  the  connection  between  the  amount  of  above-ground  growth,  and  the 
development  of  the  root  nodules’.  In  the  8  remaining  pots  with  bacteria,  the  growth 
was  very  uniform  ;  whilst  in  only  4  of  the  remaining  25  without  bacteria  was  there 
fair  development. 

Hellriegel  states  that  the  quantity  of  soil  extract  added  contained  only  1  millig. 
nitrogen.  In  two  other  experiments  everything  was  sterilised.  The  peas  germinated 
healthily,  developed  their  first  6  leaves,  but  did  not  go  further,  and  died,  not  a  trace 
of  nodules  being  found  on  their  roots.  He  concludes  : — 

To  the  nourishment  of  the  PapilionaceEe,  especially  their  assimilation  of  nitrogen, 
the  so-called  leguminous  nodules,  and  the  micro-organisms  they  contain,  stand  in 
close  and  active  relation. 

It  was  remarkable,  however,  that  in  numerous  trials  with  lupins,  under  exactly 
similar  conditions,  successful  second  grov/th  could  not  be  obtained.  The  conclusion 
was,  that  the  organisms  in  the  root  nodules  of  lupins  were  of  another  kind,  which 
were  less  generally  distributed  than  those  found  in  the  nodules  of  peas.  Further,  it 
is  known  that  lupins  do  not  grow  well  on  a  heavy,  or  even  on  a  rich  humus  soil. 

Three  rows  of  the  experimental  pots  were  filled  with  cjuaidz  sand,  a  nitrogen-free 
solution  was  added,  and  lupins  were  sown.  A  portion  of  diluvial  sandy  soil,  where  lupins 
were  growing  well,  was  treated  with  5  times  its  weight  of  distilled  water,  and  a  turbid 
extract  was  obtained,  in  which  it  miolit  be  assumed  that  there  would  be  a  sufficient 
quantity  of  the  micro-organisms  peculiar  to  the  sandy  soil.  To  each  experimental  pot 
of  the  first  row,  25  c.c.  of  this  fluid  was  added  ;  those  of  the  second  row  were  left 
without  any  such  addition  ;  and  those  of  the  third  row  received  the  extract  from  the 
loamy  humus  soil,  the  same  as  was  used  in  the  case  of  the  experiments  with  the  peas. 

The  germination  and  early  growth  were  favourable  in  all  cases  ;  then  followed  the 
hunger-condition,  and  after  30  days  from  the  sowing,  all  the  rows  showed  equal 
poverty.  Then  the  lupins  of  the  first  row  began  to  show  fresh  green  colour,  assumed 
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a  healthy  aspect,  and  grew  well.  The  plants  of  botlj  the  second  and  third  row's 
maintained  a  sickly,  brown-red  colour. 

The  roots  of  the  plants  of  the  first  row,  which  received  the  sandy-soil  extract,  were 
thick  with  large  root-nodules,  such  as  are  found  in  the  field  with  normal  vegeta¬ 
tion.  On  the  roots  of  the  second  series,  without  any  soil  extract,  no  trace  of  the 
nodules  could  be  found  ;  and  on  the  roots  of  the  third  series,  which  received  the 
extract  from  the  ricli  soil,  on  only  one  plant  wms  a  single  weak  nodule  observed. 

Other  sandy-soil  Papilionacese,  such  as  serradella  [Ornithopus  saliva),  behaved  as 
the  lupins ;  whilst  peas,  vetches,  and  beans,  grew^  best  in  the  third  row,  and  red  clover 
gave  no  special  result. 

Hellriegel  observes  that,  although  the  Papilionaceie  have  the  property  of  turning 
to  account  atmospheric  nitrogen,  they  nevertheless  do  take  up  nitrogen  from  the  soil, 
especially  as  nitrates  ;  but  he  considers  it  doubtful  whetlier  such  plants  can  attain  to  a 
normal  development  with  nitrates  alone,  and  with  the  exclusion  of  micro-organisms. 

Finally,  he  admits  that  his  observations  require  control  and  perfecting  in  various 
directions ;  and  he  confines  himself  for  the  present,  to  the  simple  statement  of  his 
experimental  results. 

In  reference  to  the  foregoing  results  of  Hellriegel,  we  have  already  said  that  we 
have  not  been  able  to  find  any  record  of  the  experimental  details  ;  and  indeed  it  seems 
doubtful  whether  determinations  of  nitrogen  were  made,  either  in  soils,  seed,  or 
products  of  growth.*  Nevertheless,  such  particulars  as  are  given,  can  leave  no  doubt 
w'hatever  that  the  products  of  growth,  both  of  the  peas  and  of  the  lupins,  where 
favourable  conditions  were  provided,  wnuld  contain  very  much  more  nitrogen  than  the 
seed  sown.  If,  therefore,  the  washed  sand,  and  the  nutritive  solutions,  were  free  from 
combined  nitrogen,  and  the  conditions  of  exposure  of  the  experimental  pots  in  free  air 
were  such  as  to  exclude  the  possibility  of  the  access  of  accidental  sources  of  combined 
nitrogen,  the  obvious  explanation  is  that  the  nitrogen  gained  had  its  source  in  the  free 
nitrogen  of  the  air. 

Then,  as  to  the  conditions  under  which  the  free  nitrogen  has  been  brought  into 
combination  ?  The  negative  result  with  the  Graminese,  the  negative  result  with  the 
peas  when  everything  was  sterilised,  or  when  the  sand  was  not  seeded  by  the  soil- 
extract,  the  positive  result  with  the  peas  when  the  sand  was  seeded  by  the  humus  soil 
extract,  the  negative  result  with  the  lupins  when  their  soils  were  not  seeded,  or  when 
they  were  seeded  with  the  same  extract  as  the  peas,  and  the  positive  result  when 
seeded  with  the  extract  from  the  sandy  soil  where  lupins  were  growing,  seem  to 
exclude  any  other  conclusion  than  that  the  micro-organisms  supplied  by  the  soil 
extracts  were  essential  agents  in  the  process  of  fixation.  Further,  the  development 
of  nodules  on  the  roots  was,  to  say  the  least,  a  coincident  of  the  fixation.  To 
Hellriegel’s  conclusions  on  this  point,  the  objections  have  been  raised, — first  that 
the  nodules  are  a  result  and  not  a  cause  of  active  growth,  and  that  in  fact  they  con- 

*  See  foot-note,  p.  64. 
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stitute  a  supply  of  reserve  material  for  growth ;  and  secondly  that  the  investigations 
of  Tschirch  and  Brunchorst,  prove  that  the  nodules  have  no  external  communication 
with  the  soil.  As  to  the  latter  objection,  it  may  be  observed,  that  Professor  Marshall 
Ward  has  recently  shown  that,  on  the  death  of  the  nodules,  the  micro-organisms  become 
distributed  within  the  soil ;  and  further,  that  in  the  case  of  Hellriegel’s  experi¬ 
ments  it  was  the  organisms  themselves,  or  their  germs,  that  he  supplied  to  the  soil. 

It  must  be  admitted  that  Hellriegel’s  results,  taken  together  with  those  of 
Berthelot  and  others,  do  suggest  the  possibility  that  although  the  higher  plants  may 
not  possess  the  power  of  directly  fixing  the  free  nitrogen  of  the  am,  lower  organisms, 
which  abound  within  the  soil,  may  have  that  power,  and  may  thus  bring  free  nitrogen 
into  a  state  of  combination  within  the  soil  in  which  it  is  available  to  the  higher  plants 
— at  any  rate  to  members  of  the  Papilionaceous  family.  At  the  same  time  it  will  be 
granted,  that  further  confirmation  is  essential,  before  such  a  conclusion  can  be  accepted 
as  fully  established. 

Since  the  above  was  written.  Dr.  Wilearth,  who  was  associated  with  Professor 
Hellriegel  in  the  experiments  which  have  been  described,  has  given  an  account  of  a 
subsequent  series  of  experiments  which  were  made  in  1887.  Under  the  title  of  “Ueber 
Stickstoffaufiiahme  der  Pflanzen,”  he  gave  the  results  at  the  meeting  of  the  Natur- 
forscher-Versammlung,  at  Wiesbaden,  in  September,  1887,  and  a  short  account  of  them 
was  published  in  the  ‘  Tageblatt,’  pp.  362-63,  and  also  in  ‘  Versuchs-Stationen,’  vol.  34, 
1887,  pp.  460-61,  of  which  the  following  is  a  pretty  full  summary  ; — 

He  states  that  the  previous  experiments  had  shown,  that  the  Gramineae,  the 
Chenopodiaceae,  the  Polygoneae,  and  the  Cruciferae,  take  their  nitrogen  from  the  soil, 
and  that  their  growth  was  proportional  to  the  available  supply  of  nitrogen.  The 
Papilionaceae  on  the  other  hand  take  their  nitrogen  from  the  air,  and  grow  quite 
normally  in  an  absolutely  nitrogen-free  soil,  provided  a  very  small  quantity  of 
cultivated  soil  be  added.  He  further  states  that  they  have  now  repeated  the  experi¬ 
ments  in  the  same  way,  and  that  the  results  fully  confirm  the  conclusions  before 
arrived  at  as  above  stated. 

The  new  experiments  were  made  with  oats,  buckwheat,  rape,  peas,  serradella,  and 
lupins.  The  experimental  soil  was  a  pure  sand,  entirely  free  from  nitrogen.  Each 
pot  contained  4  kilog.  of  this  sand,  to  which  were  added  the  necessary  mineral 
constituents.  All  the  plants  grew  until  the  nitrogen  of  the  seed  was  used  up.  Then 
to  each  pot  a  small  quantity  of  the  turbid  watery  extract  of  a  surface  soil  was  added, 
the  quantity  representing  5  c.c.  of  the  soil,  and  containing  from  0'3  to  0‘7  millig. 
nitrogen.  After  this  the  difierent  plants  exhibited  very  great  differences  in  growth. 
Neither  the  oats,  rape,  nor  buckwheat  showed  any  effect  from  the  addition  of  the  soil- 
extract,  but  remained  in  the  condition  of  “nitrogen-hunger.”  On  the  other  hand,  the 
Papilionacem  after  a  time  recovered  from  their  nitrogen-hunger,  suddenly  became 
dark  green,  and  then  grew  luxuriantly  up  to  ripeness.  In  experiments  in  which  the 
soil-extract  was  sterilised  by  boiling,  there  was  no  such  result.  Peas  grew  well  under 
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the  influence  of  extract  from  any  cultivated  soil,  but  lupins  and  serradella  only  when 
extract  from  a  soil  where  these  plants  were  growing  was  used.  The  series  comprised 
178  pots,  and  the  results  were  so  accordant,  as  was  shown  by  photographs  exhibited, 
that  the  possibility  of  accident,  or  nitrogenous  impurities,  was  out  of  the  question. 

Thus,  it  may  be  considered  established  that  the  Papilionacese  can  take  the  whole 
of  their  nitrogen  from  the  air. 

The  experiments  of  the  preceding  year  had  shown  that  the  peas  did  not  derive 
their  nitrogen  from  the  small  quantity  of  combined  nitrogen  in  the  air,  and  new 
experiments  fully  confirmed  this.  Following  the  plan  of  Boussingault,  they  put 
4  kilog.  of  ignited  sand  in  a  large  glass  balloon,  added  mineral  constituents  and  a 
small  quantity  of  the  soil -extract,  and  then  sowed  one  seed  of  oats,  one  of  buckwheat, 
and  one  of  peas.  The  vessel  was  then  perfectly  closed  by  a  well-ground  glass  stopper; 
but  carbonic  acid  was  occasionally  supplied.  The  oats  and  buckwheat  only  grew  so 
long  as  the  supply  of  nitrogen  of  the  seed  lasted  ;  but  the  peas  continued  to  grow 
luxuriantly  and  quite  normally.  A  large  part  of  the  produce  was  found  to  contain 
6 '5 5  grams  dry  substance,  and  0T37  gram  nitrogen. 

The  author  says  that  it  cannot  yet  be  with  certainty  explained  in  what  way  the 
soil-extract  enables  the  Papilionacese  to  assimilate  the  nitrogen,  and  that  it  is  even 
doubtful  whether  the  root-nodules  have  any  connection  with  the  taking  up  of  the 
nitrogen.  It  is,  however,  proved  that  the  soil-extract  favours  the  development  of  the 
nodules,  whilst  the  sterilised  extract  has  no  such  effect.  It  seems  natural  to  attribute 
the  action  to  bacteria,  and  to  connect  it  with  the  organisms  in  the  nodules,  but  the 
experiments  do  not  as  yet  settle  the  question. 

The  amount  of  nitrogen  in  the  seed  is  not  given,  but  to  show  how  considerable  the 
assimilation  of  nitrogen  may  be,  the  following  results,  showing  the  amounts  of  dry 
substance,  and  of  nitrogen,  in  the  produce  of  a  number  of  the  pots  of  lupins,  are 
quoted  : — 


Without  soil-extract. 

With  soil-extract. 

Dry  matter. 

Nitrogen. 

Dry  matter. 

N  itrogen. 

Nos.< 

grams. 

grams. 

Nos. 

grams. 

grams. 

9 

0-918 

0-0146 

3 

4473 

1-099 

10 

0-800 

0-0136 

4 

45-62 

1-156 

11 

0-921 

0-0132 

5 

44-48 

1-194 

12 

1-021 

0-0133 

6 

42-45 

1-337 

Such  is  the  brief  account  of  the  experiments  as  yet  published  by  Dr,  Wilfarth  ; 
and  that  full  confidence  was  placed  in  the  results  by  those  present  may  be  inferred, 
since  the  report  states  that  the  communication  was  received  with  great  applause  ; 
whilst  in  the  discussion  which  followed,  Drs.  Nobbe,  Heiden,  Liebschee,  Fleischer, 
and  Emil  von  Wolff,  took  part. 
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It  will  be, seen  that  the  results  are  not  only  confirmatory  of  those  given  by 
Helleiegel  the  year  before,  but  that  they  are  even  much  more  definite  and  striking. 
Thus,  taking  no  account  of  the  fraction  of  a  milligram  of  combined  nitrogen  supplied 
in  the  soil-extract,  the  amount  of  dry  matter  produced  is  nearly  50  times,  and  the 
amount  of  nitrogen  assimilated  is  nearly  100  times,  as  much  with,  as  without,  the 
soil-extract ! 

The  negative  result  with  Graminese,  Chenopodiacese,  Cruciferse,  and  Polygoneae,  is 
certainly  just  what  would  be  expected  from  all  that  is  known  of  the  influence  of  soil- 
supplies  of  nitrogen  on  the  growth  of  the  agricultural  representatives  of  those  families. 
It  will  be  observed,  however,  that  whilst  with  oats  and  buckwheat  as  representatives 
of  the  Gramineae  and  the  Polygoneae,  Helleiegel  and  Wilfaeth  got  negative 
results,  it  was  chiefly  with  rye-grass  and  buckwheat  that  M.  JouLiE  obtained  such 
great  gains,  though  it  is  true  under  very  different  conditions  as  to  soil-supphes  of 
nitrogen,  whilst  some  of  his  greater  gains  were  largely  in  the  soil  as  well  as  in  the 
plants. 

But  whilst  experience,  whether  practical  or  experimental,  does  not  point  to  an 
unsolved  problem  in  the  matter  of  the  sources  of  the  nitrogen  of  the  agricultural 
pknts  of  the  families  above  enumerated,  it  is  far  otherwise  so  far  as  the  Papilionacese 
are  eoncerned.  It  is  true  that,  besides  other  evidence,  our  own  results,  recorded  in 
this  and  former  papers,  show  that  even  these  plants  do  avail  themselves  of  nitrogen 
existing  as  nitrates  within  the  soil  ;  and  Helleiegel  also  distinctly  recognises  that 
such  is  the  ease.  At  the  same  time,  in  reference  to  our  own  experiments  we  have 
admitted  that  the  evidence  adduced  does  not  justify  the  conclusion  that  nitrates 
within  the  soil  were  an  adequate  source  of  the  whole  of  the  nitrogen  that  was  taken 
up  in  some  of  the  cases  cited.  Indeed,  although  the  question  of  the  sources  of  the 
nitrogen  of  the  Leguminosse  has  been  the  subject  of  experiment  and  of  controversy 
for  about  half  a  century,  it  is  generally  admitted  that  all  the  evidence  that  has  been 
acquired  on  lines  of  inquiry  until  recently  followed  have  failed  to  solve  the  problem 
conclusively.  It  should  not,  therefore,  excite  surprise  that  any  new  light  should 
come  from  a  new  line  of  inquiry.  Hence  should  be  recognised,  whether  as  real 
advance  in  knowledge,  or  as  only  incentive  to  further  investigation,  the  importance  of 
the  cumulative  evidence  of  the  last  few  years — of  which  that  furnished  by  the  experi¬ 
ments  of  Helleiegel  and  Wilfaeth  is  certainly  the  most  deflnite  and  the  most 
striking,  pointing  to  the  conclusion  that  although  chlorophyllous  plants  may  not 
directly  utilise  the  free  nitrogen  of  the  air,  some  of  them,  at  any  rate,  may  acquire 
nitrogen  brought  into  combination  under  the  influence  of  lower  organisms,  the 
development  of  which  is,  apparently,  in  some  cases  a  coincident  of  the  growth  of  the 
higher  plant  whose  nutrition  they  are  to  serve. 

Such  a  conclusion  is,  however,  of  such  fundamental,  and  of  such  far-reaching 
importance,  that  further  proof  must  yet  be  demanded,  before  it  can  be  acce[)ted  as 
beyond  question.  Should  it  be  eventuall}^  established,  it  would  certainly  suffice 
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to  explain  facts  hitherto  not  fully  explained.  On  the  other  hand,  should  it  not  be 
established,  and  a  soil  source  of  the  whole  of  the  nitrogen  of  the  Leguminosse  be 
conclusively  proved,  the  facts  of  agricultural  production  would,  it  seems  to  us,  be 
equally  well  explained.  To  this  point  we  shall  refer  again  in  our  general  concluding 
observations. 

7.  The  Experiments  of  Professor  Emil  von  Wolff. 

It  was  also  at  the  Berlin  meeting  in  1886,  at  which  one  of  ourselves  was  present, 
that  Professor  VON  Wolff  distributed  a  page  of  tabulated  results  of  vegetation 
experiments,  made  at  Hohenheim,  and  gave  some  account  of  them.  A  preliminary 
series  had  been  made  in  1883,  and  more  careful  series  were  conducted  in  1884,  1885, 
and  1886.  Three  sets  of  experiments.  A.,  B.,  and  C.,  were  made,  as  follows : — 

A.  In  wooden  boxes,  14’5  cm.  (=  5'7  inches)  diameter,  and  28  cm.  (=  ll'O  inches) 
deep.  Into  each  was  put  8  kilog.  (=  17 '6  lbs.)  of  calcareous  coarse-grained  river- 
sand,  from  which  the  finest  part  had  been  removed  by  washing.  The  experimental 
plants  were — oats,  sand-peas,  field- beans,  and  red  clover;  and  each  of  these  was 
grown  under  the  following  conditions  ; — 

1.  — Without  manure. 

2.  — With  mineral  manure,  comprising — -superphosphate,  magnesium  sulphate, 

calcium  carbonate,  and  potassium  bicarbonate. 

3.  — With  the  mineral  manure,  and  potassium  nitrate  =  0'208  gram  nitrogen. 

4.  — With  the  mineral  manure,  and  potassium  nitrate  ~  0’832  gram  nitrogen, 

B.  In  sheet  zinc  vessels,  25  cm.  (=  9'8  inches)  diameter,  and  35  cm.  (=  i3'8  inches) 
deep;  into  each  of  which  was  put  24  kilog.  (=  5 2 ’9  lbs.)  of  the  washed  river-sand. 
These  experiments  were  only  made  in  1885  and  1886.  The  plants  were  oats,  and 
sand -peas  ;  and  the  same  four  conditions  as  to  manuring,  as  above  described,  were 
adopted ;  but  the  quantities  used  were  larger,  the  amount  of  nitrogen  supplied  in 
Experiment  3  being  0'416  gram,  and  Experiment  4 — 1'664  gram. 

C.  In  cement  vessels,  50  cm.  [=  19 '7  inches)  diameter  and  60  cm.  (=  23*6  inches) 
deep.  Into  each  was  put  210  kilog.  (=  463  lbs.),  of  the  raw  unwashed  river-sand. 
The  conditions  of  manuring  were  in  kind  the  same  as  in  A.  and  B.  ;  but  the 
quantities  of  nitrogen  supplied  were,  in  Experiment  3 — 0’832  gram,  and  in  Experi¬ 
ment  4 — 3'328  grams.  These  experiments  were  made  in  1884,  1885,  and  1886  ;  and 
the  plants  were — oats,  field-beans,  clover,  and  potatoes. 

At  the  Berlin  meeting  in  1886,  Professor  von  Wolff  gave  only  the  amounts  of 
air-dried  above-ground  produce ;  but  he  has  since  published,  in  conjunction  with 
Dr.  C.  Kreuzhage,  a  long  paper,  giving  a  great  deal  of  analytical  detail.*  It  is 
there  explained  that,  for  the  experiments  in  wooden  boxes  (A.),  and  in  zinc  vessels 
(B.),  fresh  washed  river-sand  was  put  in  each  year ;  but  that,  for  those  in  the 
cement  vessels  (C.),  the  unwashed  river-sand  first  put  in  was  not  renewed. 

*  “  VegetationsversucEe  in  Sandkultnr  iiber  das  Verhalten  verscEiedener  Pflanzen  gegen  die  ZufuEr 
von  Salpeterstickstoff.”  ‘  LandwirtEscEaftlicEe  JaErbucEer,’  vol.  16,  Heft  4,  1887,  pp.  659  et  seq. 
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As  to  the  results,  Wolff  called  attention  to  the  fact  that  with  the  oats  and  the 
potatoes  comparatively  little  increase  was  obtained  by  the  use  of  mineral  manure 
without  nitrogen,  but  that  where  nitrogenous  manure  was  added  the  increase  bore  a 
direct  relation  to  the  amount  of  nitric-nitrogen  supplied.  The  behaviour  of  the 
Leguminosse  was,  however,  quite  different.  With  these  plants,  the  mineral  manures 
as  a  rule  gave  considerable  increase,  whilst  the  addition  of  the  nitrate  generally  gave 
little  or  no  further  increase.  He  remarks  that  these  results  are  consistent  with  those 
obtained  in  ordinary  agriculture ;  and  that  it  is  a  question  whether  the  so-called 
“  nitrogen  collectors  ”  obtain  all  their  nitrogen  by  means  of  their  widely  and  deeply 
penetrating  roots,  or  whether  they  draw  some  of  it  from  the  air ;  and  if  so,  whether 
they  can  only  take  it  as  combined  nitrogen,  or  also  as  free  nitrogen  ?  He  considers 
that  the  results  of  Boijssingault  and  ourselves  are  against  the  supposition  that  they 
assimilate  free  nitrogen.  At  the  same  time  he  thinks  the  results  of  Hellriegel 
show  that  the  Papilionaceae  are  not  dependent  on  soil  sources  of  nitrogen  alone ; 
though  further  evidence  is  required  to  determine  whether  or  not  the  free  nitrogen  of 
the  air  comes  into  play. 

As  to  the  connection  of  the  root-nodules  with  the  development  of  the  plants,  Wolff 
considers  that  they  may  be  equally  well  supposed  to  be  a  consequence  as  a  cause  of 
active  growth.  Observations  by  Schultz-Ltjpitz,  and  at  Hohenheim,  have  shown 
that  the  nodules  may  be  very  little  developed  in  a  soil  rich  in  nitrogen.  He  refers 
to  the  results  of  Frank  and  Brunchorst,  as  indicating,  that  the  contents  of  the 
nodules  do  not  consist  either  of  bacteria  or  of  fungoid  forms, but  rather  of  nitrogenous 
matters  which  are  re-absorbed  by  the  plant  when  forming  fruit. 

As  bearing  on  the  subject,  he  quotes  the  following  results  of  Troschke  at  Begen- 
walde,  showing  the  comparative  composition  of  the  nodules  and  of  the  roots  of  blue 
lupins,  at  the  time  of  pod  formation  :  — 


Nodules 

Roots  .... 

Pure  ash. 

Crude  fat. 

Crude  fibre. 

Crude 

protein. 

Non¬ 
nitrogen  ous 
extract. 

Nitrogen. 

Of  total 
nitrogen 
albuminoid. 

Per  cent. 

7-51 

4-07 

Per  cent. 

5-.33 

I-3I 

Per  cent. 
9-43 
52-25 

Per  cent. 

45-31 

7-06 

Per  cent. 

32-42 

34-61 

Per  cent. 

7-25 

1-13 

Per  cent. 

69-7 

73-7 

At  Hohenheim,  the  nodules  of  yellow  lupins  were  found  to  be  less  nitrogenous  at 
the  conclusion  of  pod-formation. 

Wolff  cousiders  that  numerous  results  show  that  atmospheric  sources  of  nitrogen 
do  come  into  play  in  the  growth  of  the  Papilionacese.  He  quotes  from  Boussingault 
in  reference  to  experiments  with  clover  and  peas  grown  in  a  nitrogen-free  soil  that 

*  It  may  be  observed  that  the  recent  results  of  Professor  M4RSHall  Ward  (‘  Phil.  Trans.,’  B,  vol. 
178, 1887,  pp.  539-562)  are  at  variance  with  the  views  of  Frank,  Brunchorst,  and  Tschirch  on  this  point. 
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the  plants  bad  gained  nitrogen.  It  is  to  be  observed,  however,  tljat  the  results  in 
question  were  those  of  Boussingault’s  earliest  experiments,  made  in  18^^7  and  1838, 
whilst  his  later  results  with  Leo-uminosae  obtained  under  similar  conditions,  either 
show  slight  loss  or  scarcely  appreciable  gain.  Wolff  also  quotes  experiments  of  his 
own  with  clover,  made  in  1853,  in  one  case  in  good  soil,  and  in  another  in  the  same 
soil  previously  ignited,  when  the  dry  substance  of  4  cuttings  was,  from  the  natural 
soil  3‘396  grams,  but  from  the  ignited  soil  20'314  grams;  these  quantities  being 
exclusive  of  stubble  and  roots. 

Beferring  to  his  more  recent  experiments,  considerable  detail  is  given  as  to  the 
preliminary  series  made  in  1883,  as  well  as  to  the  more  complete  series  conducted  in 
1884,  1885,  and  1886,  the  general  conditions  of  which  have  been  described  above,  and 
we  now  confine  attention  to  some  further  account  of  the  results  obtained  in  the  later 
years. 

Wolff  states  that  the  washing  of  the  river-sand  removed  1‘46  per  cent,  of  it, 
which  consisted  of  sandy  clayey  matter.  He  gives  a  complete  mineral  analysis  of 
both  the  crude  sand,  and  the  separated  fine  matter.  He  states  that  the  washed  sand 
contained  only  traces  of  nitroiren.  The  separated  fine  matter  contained,  however, 
according  to  a  direct  determination,  0‘304  per  cent,  of  nitrogen,  vdilch  seemed  to 
exist  in  humus  compounds.  It  may  be  observed,  that  it  was,  therefore,  about  twice 
as  rich  in  nitrogen  as  most  ordinary  arable  surface  soils.  The  results  obtained  in  the 
first  year  1884,  in  the  cement  vessels,  with  the  unwashed  river-sand,  show  the 
influence  of  this  supply  ;  but  it  was  concluded  that  in  1885,  and  1886,  but  little 
remained  in  a  condition  available  to  the  plants. 

All  the  experiments  were  equally  exposed  to  the  influences  of  air  and  light, 
excepting  that  the  wooden  boxes  were  placed  on  a  low  truck,  which  was  pushed 
under  shelter  when  there  was  violent  or  continued  rain.  All  the  plants  were  watered 
with  distilled  water  when  there  was  not  sufficient  rain  ;  and  in  ali  cases  the  drainao-e 
was  collected  and  used  for  re-watering.  The  sowing  of  the  seeds  was  always  at  the 
end  of  April ;  the  gathering  of  the  oats,  beans,  and  lupins,  at  the  end  of  July  ;  and 
the  last  cuttings  of  the  clover  in  August  and  September. 

To  the  amounts  of  above-ground  produce  (air  dried),  Wolff  now  adds  the  quantity 
of  roots,  and  the  total  weight  including  them.  He  also  gives,  for  the  produce  of 
1886,  the  amounts  of  dry  matter,  and  both  the  percentages  of  nitrogen  in  the  dry 
matter,  and  the  actual  quantities  of  nitrogen  in  the  crops,  in  the  case  of  the  “  C  ” 
series  of  experiments,  that  is,  those  made  in  the  cement  vessels,  with  the  unwashed 
river-sand.  In  the  case  of  the  sand-peas,  however,  the  results  of  the  “  B  ”  series,  that 
is,  those  made  in  zinc  vessels,  with  the  washed  river-sand,  are  given.  The  following 
is  a  summary  of  the  results,  so  far  as  the  nitrogen  is  concerned: — 
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Total  Nitrogen  in  the  Crops  of  1886. 


“ 

C  ”  series,  unwashed  sand. 

“  B  ”  series, 
washed  sand. 

Oats. 

Lupins. 

Field- 

beans. 

Fed 

clover. 

Sand-peas. 

I.  Unmanured . 

grams. 

U-37J 

grams. 

2-797 

grams. 

2-478 

grams. 

3-396 

grams. 

0-488 

2.  Mineral  manure . 

0-.388 

9-572 

4-689 

8-.352 

2-389 

.3.  Mineral  manure,  and  0’832  gram  N  . 

1-136 

5-39-2 

3-232 

8-803 

3-698 

4.  Mineral  manure,  and  3'328  grams  N 

3-486 

8-816 

4-104 

9-403 

5-069 

It  should  be  obseived  that  the  quantities  of  nitrogen  in  manure,  as  stated  in  the 
table,  relate  to  the  “  C  ”  Series  in  unwashed  sand,  but  the  quantities  supplied  to 
the  smaller  vessels  of  the  “B”  Series  for  the  sand-peas  were  for  Experiment  3, 
0'416  gram,  and  for  Experiment  4,  1’664  gram.  On  the  results,  Wolff  remarks 
that  without  exception  the  cereal  crop  (oats)  only  flourished  when  there  was  a 
sufficient  quantity  of  nitrogenous  nutriment  (nitric-nitrogen)  available ;  whilst  the 
Leguminosse  for  the  most  part  grew  quite  as  luxuriantly  without,  or  with  very  little, 
nitrogen  in  the  soil,  provided  the  ash  constituents  were  in  abundance.  Potatoes,  on 
the  other  hand,  like  the  oats,  required  combined  nitrogen  to  be  provided  within 
the  soil. 

The  mineral  composition  of  the  crops,  and  the  influence  of  the  varying  climatal 
conditions  of  the  three  seasons,  are  discussed  in  some  detail.  Estimates  are  given  of 
the  amounts  of  phosphoric  acid,  potash,  &c.,  in  the  crops,  calculated  per  hectare  ;  and 
the  quantity  of  nitrogen  in  the  oat  crop  is  estimated  to  correspond,  in  one  case,  to 
139'4  kilog.  per  hectare  (=  124‘5  lbs.  per  acre),  which  is  very  large. 

Excluding  the  experiments  in  the  unwashed  sand,  the  mean  of  7  experiments  under 
each  condition  of  manuring  with  oats,  and  of  22  under  each  condition  witli  different 
Leguminosae,  shows  the  following  amounts  of  air-dried  produce  : — 


Oats. 

Mean  of 

7  experiments  in 
each  case. 

Legumino.sae. 

hlean  of 

22  experiments  in 
each  case. 

c:rams. 

^rams. 

16-87 

22-71 

1 8-31 

68-53 

47-42 

73-39 

110-74 

74-95 

1.  Unmanured . 

2.  Alineral  manure . 

2  f  Mineral  manure,  and  0'2.38  gram  nitrogen  for 

[  the  oats,  and  0T80  gram  for  tlie  LeguminosiP 
^  r  Mineral  manure,  and  0  952  gram  nitrogen  for 
\  the  oats,  and  0‘72  gram  for  the  LeguminosEe 


QUESTION  OF  THE  SOURCES  OF  THE  NITROGEN  OF  VEGETATION.  75 

The  little  influence  of  the  mineral,  and  the  great  influence  of  the  nitrogenous 
manure,  on  the  oats,  and  again  the  marked  influence  of  the  mineral,  and  the  little  effect 
of  the  nitrogenous  manure,  on  the  Leguminosae,  are  here  very  strikingly  illustrated. 

Referring  to  the  amounts  of  nitrogen  in  the  crops  of  sand-peas  grown  in  the  washed 
sand,  as  given  in  the  table  at  the  top  of  page  74,  Wolff  states  that  the  19  peas  sown 
contained  1*542  gram  diy  substance,  and  he  estimates  the  amount  of  nitrogen  in  the 
seed  sown  at  only  0*0647  gram;  the  quantity  of  nitrogen  so  provided  was,  there¬ 
fore,  quite  immaterial  in  proportion  to  that  in  the  crops. 

The  amounts  of  nitrogen  in  the  clover  crops  of  Experiments  2  and  4  are  estimated  to 
correspond  to  334  and  376  kilog.  per  hectare,  to  which  one-third  should  be  added  for 
stubble  and  roots.  The  beans  appear  not  to  have  collected  so  large  a  quantity  of 
nitrogen  in  1886  as  the  clover  and  the  lupins;  and  it  may  be  mentioned  that  whilst 
the  54  bean  seeds  sown  would  contain  1*0353  gram  of  nitrogen,  the  same  number  of 
lupin  seeds  would  contain  only  0*5912  gram. 

Some  experiments  by  Stuecker  with  yellow  lupins  are  quoted  as  showing  con¬ 
siderable  gains  of  nitrogen. 

With  regard  to  the  numerous  results  recorded  in  his  paper,  Wolff  admits  that 
they  are  not  satisfactory  in  all  respects,  those  of  different  years  not  being  always 
accordant.  But  the  special  object  was  to  compare  the  growth  of  cereals  with  that  of 
Papilionacese,  over  a  series  of  years,  in  a  soil  poor  in  combined  nitrogen,  or  containing 
known  amounts  of  it ;  and  the  influence  of  the  various  seasons  was  different  on  the 
different  crops. 

The  following  table  gives  estimates  of  the  amounts  of  nitrogen  in  the  crops,  more 
(+)  or  less  ( — )  than  supplied  in  the  seed  and  manure,  calculated  per  hectare;  the 
selection  of  experiments  being  the  same  as  in  the  case  of  the  results  given  in  the  table 
at  the  top  of  p.  74  : — 


Estimated  Nitrogen,  in  kilograms  per  hectare,  in  crops  more  (+)  or  less  (— )  than  in 

seed  and  manure. 


■ 

“  C  ”  series,  unwashed  sand. 

‘  B  ”  series 
washed  sand 

Oats. 

Lupins. 

Field - 
beans. 

R  d 
clover. 

Sand-peas. 

Kilog. 

Kilog. 

Kilog. 

Kilog. 

Kilog. 

1.  Unmanured . 

-  9-0 

+  88-3 

+  57-7 

+  135-8 

-b  84-7 

2.  Mineral  manure . 

-  8-3 

+  359*3 

+  146-2 

+  .334-1 

-b  464-9 

3.  Mineral  manure,  and  nitrate. 

-  II-7 

+  158-8 

-f~  54‘b 

-1-  318-8 

-b  643-5 

4.  Mineral  manure,  and  nitrate  . 

-  17-6 

-h  195-8 

-  10-4* 

-b  242-9 

+  668-1 

*  Given  in  error  as  -|-  89’5  by  Wolff,  the  nitrogen  of  tbe  manure  of  Experiment  3  instead  of  that  of 
Experiment  4  having  been  deducted. 
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It  is  added  that  these  amounts  do  not  include  the  nitrogen  in  the  stubble  and  roots, 
which  in  the  case  of  the  oats  would  be  very  little,  in  that  of  the  beans  and  lupins  not 
much,  but  in  the  sand-peas  considerable,  as  also  in  the  clover.  It  is  to  be  observed, 
moreover,  that  no  account  of  the  nitrogen  in  the  unwashed  sand  is  here  taken.  But 
Wolff  points  out  that  the  gain  was  the  largest  in  the  case  of  the  peas  grown  in  the 
washed  sand,  which  showed  only  a  trace  of  combined  nitrogen.  Again  the  cement 
cases  and  their  contents  were  exposed  to  the  weather  from  year  to  year  whilst  there 
was  no  crop  ;  but  Wolff  points  out,  as  is  doubtless  true,  that  the  amount  of  combined 
nitrogen  brought  down  in  the  rain  and  dew  would  be  quite  immaterial. 

Admitting  it  to  be  established  that  plants  do  not  assimilate  the  free  nitrogen  of  the 
air,  he  thinks  the  only  remaining  hypothesis  is  that  certain  plants  are  enabled  to 
appropriate  the  combined  nitrogen  of  the  air,  either  directly  through  their  leaves,  or 
by  absorption  in  the  soil ;  and  the  latter  he  considers  by  far  the  most  probable.  In 
reference  to  this  point  he  refers  to  Lhe  results  of  experiments  made  to  determine  the 
amount  of  ammonia  absorbed  from  the  air  by  dilute  acids  exposed  in  shallow  vessels. 
In  this  way  A.  Mullee,  estimated  that  12  kilog.  of  ammonia  were  absorbed  per 
hectare  (=  10'7  lbs,  per  acre),  per  annum,  in  Sweden  ;  whilst  O.  Kellner’s  estimate  in 
Japan,  was  14  kilog.  per  hectare  (=  12 ‘5  lbs.  per  acre).  O.  Kellner  also  determined 
the  amounts  of  nitiic  and  nitrous  acids  absorbed  by  solutions  of  potassium  carbonate. 
The  quantities  of  nitrogen  so  absorbed  corresponded  to  11 ‘78  kilog.  per  hectare  as 
ammonia,  and  to  1'30  kilog.  as  nitric  and  nitrous  acids;  giving  a  total  of  13 ’08  kilog. 
of  nitrogen  per  hectare  {=  1 1‘68  lbs.  per  acre),  per  annum.  Other  experimenters  have, 
however,  found  much  more.  Thus,  reckoning  according  to  Schlcesing’s  experiments, 
in  one  of  wdiicli  a  quantity  of  soil  gained  at  the  rate  of  2 ‘5 9  kilog.  ammonia  per  hectare 
in  14  days,  and  in  another  4'097  kilog.  in  28  days,  the  amounts  absorbed  would  be  in 
the  one  case  68,  and  in  the  other  53  kilog.  per  hectare  (=  60‘7  and  47'3  lbs.  per  acre) 
per  annum.  Wolff  points  out  that  even  these  amounts  are  small  compared  with  the 
quantities  of  nitrogen  assimilated  in  the  experimental  crops.  He  further  remarks  that 
his  porous  sand  would  probably  present  more  than  a  hundred  times  the  absorbing 
surface  of  an  acid  or  alkaline  solution  of  the  same  area. 

Besides  ammonia  absorption,  he  thinks  there  is  probably  another  way  in  which  a 
humus-free  soil  may  become  a  source  of  nitrogen  to  plants;  viz.,  by  the  combination 
of  free  nitrogen,  under  the  influence  of  calcium  carbonate.  He  quotes  B.  Frank 

Landw.  Presse,’  March  2,  1887),  as  having  shown  that  a  marl  rich  in  lime,  with  which 
Schultz-Lupitz  marled  his  soil,  constantly  yielded  nitric  acid  after  being  boiled  out 
with  water,  by  which  it  is  supposed  it  would  be  sterilised ;  and  this  was  the  case  when 
the  mass  was  exposed  to  ammonia-free  air.  According  to  the  results  obtained,  a 
kilogram  of  the  mass  would  acquire  nearly  a  gram  of  nitric  acid  per  annum.  Pure 
calcium  carbonate  acted  in  a  similar  manner.  After  being  washed  out  with  hot  water 
on  a  large  filter,  and  kept  moist,  but  protected  from  dust,  nitrification  took  place. 
Frank  considers  tlie  calcium  carbonate  of  the  soil  as  a  nitrogen  combiner ;  and  that, 
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ill  presence  of  water  and  atmos^Dlieric  air,  nitrite  and  nitrate  of  lime  are  gradually 
formed,  the  nitrogen  and  oxygen  of  the  air  uniting  in  contact  with  the  porous  body, 
and  the  acid  uniting  with  the  lime  and  expelling  carbonic  acid.'”" 

Wolff  further  quotes  the  observations  of  Cloez,  made  more  than  30  years  ago,  in 
which  he  passed  air,  first  through  a  solution  of  potassium  carbonate,  then  through 
sulphuric  acid  and  over  pumice  moistened  with  sulphuric  acid,  for  six  months  over 
various  porous  substances.  He  found  a  formation  of  nitric  acid  when  the  air  was 
passed  over  pieces  of  brick  or  pumice  moistened  v/ith  potassium  carbonate  ;  and  also 
traces  with  chalk,  chalk  marl,  and  a  mixture  of  kaolin  and  calcium  carbonate.  On  the 
other  hand  he  found  no  formation  of  nitric  acid  by  burnt  bones  moistened  with 
potassium  carbonate,  or  by  clay. 

Wolff  considers  that  the  conditions  of  his  experiments  involved  those  found  by 
Cloez  to  favour  such  formation  of  nitric  acid.  He  admits,  however,  that  it  is  difficult 
to  explain  why  the  action  should  take  place  when  the  Leguminosse  are  present,  and 
that  the  growth  of  the  cereals  is  not  benefited  thereby.  He  suggests  whether  the 
greater  pumping  action  of  the  leaves  of  the  Leguminosoe  causes  a  more  active  aeration 
of  the  soil,  and  so  it  may  be  that  with  their  increased  development  the  greater  is  the 
amount  of  nitrogenous  nutriment  accumulated  from  the  atmosphere  by  the  moist  soil, 
whilst  it  is  well  known  that  these  plants  leave  an  efficient  nitrogenous  residue  for 
succeeding  crops. 

In  conclusion,  Wolff  admits  that  the  amounts  of  absorption  indicated  in  the 
experiments  with  particular  plants  cannot  be  expected  on  a  large  scale.  In  practice, 
soils  are  not  kept  so  porous,  and  so  constantly  moist ;  nor  are  the  mineral  conditions 
of  the  soil  always  so  favourable.  Indeed  the  variations  of  result  in  the  different 
experiments  illustrate  the  influence  of  varying  conditions. 

Perhaps  the  most  striking  of  Wolff’s  results  were  those  obtained  in  the  experiments 
made  in  1853,  in  which  clover  yielded  about  six  times  as  much  dry  produce  grown  in 
an  ignited  rich  meadow  soil,  as  in  the  same  soil  in  its  natural  state.  The  ignited  soil 
would  not  only  he  nitrogen  free,  but  sterilised ;  so  that,  unless  it  acquired  and 
developed  micro-organisms  during  the  growth,  the  supposition  of  the  intervention  of 
such  agents  in  bringing  free  nitrogen  into  combination  within  the  soil  would  he 
excluded.  In  reference  to  this  point  it  may  be  remarked,  that  in  the  case  of 
Helleiegel’s  experiments,  in  which  he  added  the  watery  extract  from  various  soils  to 
his  quartz  sand,  he  states  that  red  clover  showed  no  special  result. 

Next  as  to  Wolff’s  more  recent  results,  in  which  river-sand  was  used  as  soil,  in 
some  cases  unwashed,  but  in  others  washed  free  from  the  fine  matter  which  contained 
nitrogen.  It  is,  as  he  says,  quite  consistent  with  experience  in  agriculture,  that  oats 
and  potatoes  should  yield  little  increase  by  mineral  manure  without  nitrogen,  but  give 
increase  much  in  proportion  to  the  nitrogen  supplied  to  the  soil  ;  and  that,  on  the 

*  The  above  results  of  Frank  have  since  been  called  iu  question  by  H.  Plate  (‘Jahrblicher,’  vol.  16, 
1887,  p.  891,  and  vol.  17,  1888,  p.  725);  also  by  Professor  Landolt,  ‘  Landvv.  Presse,’  Jahrgang  15,  no.  30. 
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other  hand,  the  Papilionacese  should  give  marked  increase  with  mineral  manure,  and 
but  little  with  nitrogenous  manure.  Such  is  certainly  the  result  in  ordinary  soils 
containing  nitrogen ;  but  if  we  are  to  assume  that  in  his  experiments  the  sand  was 
not  the  source  of  the  nitrogen,  both  the  amounts  of  dry  produce,  and  those  of 
nitrogen,  in  the  difterent  crops,  as  shown  in  the  tables  which  have  been  given,  are 
such  as  seem  to  exclude  any  other  explanation  than  that  the  air  had  contributed 
nitrogen  in  some  way. 

At  the  same  time,  the  conditions  of  experiments  conducted  in  a  not  absolutely 
nitrogen-free  soil,  and  with  free  exposure  to  the  weather,  and  so  subject  to  accidental 
sources  of  more  or  less  combined  nitrogen  which  such  conditions  necessarily  imply, 
however  appropriate  for  obtaining  initiative  results  and  general  indications,  seem 
scarcely  suitable  for  the  settlement  of  so  delicate  a  question  as  that  of  the  source  of 
the  nitrogen  of  vegetation.  On  this  point  it  may  be  remarked  that,  according  to  the 
data  given,  the  unwashed  sand  put  into  each  cement  vessel  would  contain  about 
9  grams  of  combined  nitrogen,  whilst,  as  shown  in  the  table  at  page  74,  the  largest 
crops  of  the  lupins  and  red  clover,  with  mineral  but  without  nitrogenous  manure,  only 
contained  about  that  amount  of  nitrogen,  and  the  beans  only  about  half  as  much.  It 
is  true  that  this  was  the  result  in  the  third  year,  1886,  after  somewhat  similar 
amounts  had  already  been  grown  for  two  years. 

Again,  so  far  as  the  sand  did  contain  nitrogen,  the  great  difference  of  result  with 
the  Graminese  and  the  Leguminosse,  under  the  influence  of  mineral  manure  without 
nitrogen,  is  not  absolutely  conclusive  evidence  that  the  Leguminosse  had  acquired 
nitrogen  from  some  other  source  than  the  soil ;  for  there  can  be  little  doubt  that 
Leguminosse  do  utilise  nitrogen  existing  in  the  soil  in  a  condition  in  which  it  is  not 
available  to  the  Graminese.  The  results  obtained  in  the  washed  sand,  must,  Lowever, 
be  admitted  to  have  much  greater  significance. 

As  to  the  explanation  of  the  results,  Wolff  is  disposed  to  attribute  the  gains  of 
nitrogen  to  the  absorption  of  combined  nitrogen  from  the  air  by  the  soils,  and  to  the 
fixation  of  free  nitrogen  within  the  soil  under  the  influence  of  porous  and  alkaline 
bodies,  as  supposed  by  Cloez  and  Frank,  rather  than  to  the  fixation  of  free  nitrogen 
either  under  the  influence  of  micro-organisms,  or  directly  by  the  plants  themselves. 
In  fact,  neither  were  the  conditions  of  his  experiment  wuth  the  clover  in  burnt  soil, 
nor  those  of  his  later  experiments  in  washed  sand,  such  as  to  favour  the  supposition 
of  the  intervention  of  micro-organisms.  On  the  other  hand,  he  considers  they  were 
favourable  for  the  absorption  of  combined  nitrogen  from  the  air,  and  for  the  supposed 
fixation  of  free  nitrogen  within  the  soil  under  the  influence  of  porous  and  alkaline 
bodies.  At  the  same  time,  he  admits  that  it  is  not  easy  to  explain  why  Graminese  do 
not,  equally  with  the  Leguminosae,  benefit  by  such  absorption,  and  by  such  fixation. 

For  our  part  we  believe  that  a  careful  consideration  of  all  that  is  involved  in  this 
undoubted  fact,  points  to  the  exclusion  of  the  supposition  that  the  gain  is  either  by 
the  absorption  of  ammonia  from  the  air,  or  by  the  fixation  of  free  nitrogen  within  the 
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soil  under  the  influence  of  porous  and  alkaline  bodies.  We  shall  refer  to  the  point 
again  in  our  concluding  remarks,  but  we  may  here  say  in  passing,  that  the  results  of 
our  experiments  on  the  growth  of  wheat  for  many  years  in  succession  on  the  same 
land  without  nitrogenous  manure,  show  that  with  much  less  nitrogen  annually 
removed  in  the  crops,  and  estimated  to  be  lost  by  drainage,  than  would  be  required 
for  the  growth  of  the  Leguminosee  in  Wolff’s  experiments,  the  soil  has  nevertheless 
lost  much  nitrogen.  Again,  taking  the  average  of  ten  years,  the  amount  of  nitrogen 
as  nitric  acid  which  has  passed  through  60  inches  depth  of  soil  and  subsoil  in  the 
Rothamsted  drain-gauges,  exposed  to  the  air  and  rain,  with  aeration  from  below  also, 
but  without  vegetation,  ha,s  been  somewhat  less  than  40  lbs.  per.  acre  (=  44’8  kilog. 
per  hectare)  annually ;  and  it  cannot  be  doubted  that  at  least  the  greater  part  of  this 
has  been  derived  from  the  organic  nitrogen  of  the  soil  and  subsoil.  It  is  obvious, 
therefore,  that  the  amount  due  to  absorption  and  to  such  fixation  together,  must  be 
much  less  than  this, 

If,  therefore,  neither  nitrogenous  impurity  in  the  sand,  nor  accidental  sources  of 
combined  nitrogen,  can  be  supposed  to  account  for  the  gains  by  the  Leguminosm  in 
Wolff’s  experiments,  it  would  seem  that  the  explanation  must  be  sought,  either  in 
the  agency  of  micro-organisms,  or  in  direct  assimilation  by  the  plants  themselves. 

8.  The  Experiments  of  Professor  W.  O.  Atwater. 

Professor  Atwater,  of  the  Wesleyan  University,  Middletown,  Conn.,  U.S.A,,  has 
published  three  papers  in  the  ‘  American  Chemical  Journal’: — 1.  “  On  the  Acquisition 
of  Atmospheric  Nitrogen  by  Plants  ”  (vol.  6,  No.  6) ;  2  (with  P.  W.  Pockwood).  On 
the  Loss  of  Nitrogen  by  Plants  during  Germination  and  Growth”  (vol.  8,  No.  5); 
3.  “  On  the  Liberation  of  Nitrogen  from  its  Compounds  and  the  Acquisition  of 
Atmospheric  Nitrogen  by  Plants  ”  (vol.  8,  No.  5).  In  these  papers  he  gives  the 
results  of  experiments  of  his  own,  and  discusses  the  results  of  others  also,  on  various 
aspects  of  the  question.  In  what  years  his  experiments  were  made  is  not  stated,  but 
we  assume  in  1883  and  1884,  as  they  were  undertaken  after  a  visit  he  paid  to  Europe 
in  1882,  and  in  the  autumn  of  1884  he  gave  a  paper  on  the  subject,  at  the  meeting  of 
the  British  Association  at  Montreal,  and  also  at  the  meeting  of  the  American 
Association  at  Philadelphia. 

It  is  stated  that  the  question  was  : — “  May  plants,  grotvn  under  normal  conditions, 
acquire  any  considerable  amount  of  nitrogen,  free  or  combined,  from  the  ambient 
atmosphere  ?  ”  It  is  further  stated,  that  after  a  series  of  trials  had  shown  a  not 
inconsiderable  acquisition  of  atmospheric  nitrogen,  a  second  series  was  planned  to 
verify  the  results  of  the  first,  and  to  include  a  collateral  inquiry,  namely  : — 

“  Mow  is  the  acquisition  of  nitrogen  from  the  atmosp)here  affected  by  abnormal 
conditions  of  growth,  and  ivhat  bearing  may  the  results  obtained  have  upon  the  inter - 
2yretation  of  those  obtained  by  other  exqyerimenters,  and  upon  the  genercd  question  of 
the  assimilation  of  atmosptheric  nitrogen  by  plants  f  ” 
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Professor  Atwater  first  made  two  series  of  experiments  in  which  he  grew  peas  in 
sand,  to  which  he  supplied  nutritive  solutions,  containing  mineral  matters,  and  known 
quantities  of  nitrogen  as  nitrate.  The  plants  were  grown  in  free  air,  but  protected 
from  rain  and  dew. 

The  following  are  the  actual  amounts  of  nitrogen  supplied  in  seed  and  nutritive 
solution,  the  actual  gains,  and  the  gains  per  cent,  on  the  total  amounts  supplied,  in 
the  first  series  of  3  experiments  : — 

Supplied.  .  millig.  .  103'7  120‘6  95‘7 

Gains.  .  .  millig.  .  +  63'5  +  13‘2  +  13'0 

Gains .  .  .  per  cent.  +  61 ‘2  fi-  10 '9  +13 ‘6 

The  second  series  included  12  experiments,  in  six  of  which  generally  less,  and  in 
the  other  six  generally  much  more,  nitrogen  was  supplied  in  the  solution  than  in  the 
seed. 

With  the  smaller  quantities  of  total  nitrogen  thes  results  were  : — 


Supplied  .  millig.  , 

94-7 

128-2 

93-6 

130-9 

93-3 

129-2 

Gains  ,  .  millig.  . 

+  21-7 

+ 

30-7 

+  62-5 

+  27-2 

+  93-2  + 

81-7 

Gains  .  .  per  cent. 

+  22-9 

+ 

23-9 

+  66-8 

+  20-8 

+  99-9  + 

63-2 

With  the  larger  quantities  of  nitr 

ogen  the  results  were 

Supplied  .  .  millig.  . 

169-3 

199-3 

170-5 

194-5 

135-8 

161-0 

Gains  (or  loss)  millig.  . 

+  9-6 

+ 

1-3 

-  20-9 

+  3-0 

+  142-0  + 

99-2 

Gains  (or  loss)  j^er  cent. 

+  5-6 

+ 

5-7 

-  12-3 

+  1-5 

+  104-5  .+ 

62-0 

With  regard  to  the  variations  of 

result,  it  is 

concluded  that  wl 

Iiere  the  gains 

were 

less,  or  there  was  loss,  the  conditions  were  abnormal,  and  where  the  conditions  were 
normal,  the  gains  were  the  higher. 

Some  of  the  results  are  calculated  per  hectare  and  per  acre,  showmg  very  large 
gains  compared  with  the  amounts  of  nitrogen  in  ordinary  crops  in  the  field. 

Numerous  experiments  were  also  made  to  determine  the  loss  of  nitrogen  in  the 
germination  of  peas ;  five  by  the  water-culture  method,  and  eight  in  sand. 

Three  of  the  water-culture  experiments  were  conducted  in  open  air,  when  the 
results  were  : — 


Nitrogen  in  seed  . 

millio’.  , 

o 

215-6 

67-5 

41-4 

Niti’ogen  lost  . 

millio;'.  . 

-  18-1 

—  6-6 

-  0-6 

Loss . 

per  cent. 

—  8-4 

-  9'8 

-  1-5 

In  two  water-culture  expei’iments  in  the  air  of  the  laboratory,  there  was  gain  not  loss 
of  nitrogen,  which  was  attributed  to  ammonia  in  the  air.  The  results  were  : — 
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In  seed 

millig.  . 

290-2 

119-7 

Gains  . 

millig.  . 

+ 

19-2  + 

10-2 

Gains  . 

.  per  cent. 

+ 

6  6  -f 

8-5 

Of  the  8  germination  experiments  in  sand,  1 

3  were 

conducted  in  the  open 

results  were  : — 

In  seed  . 

millig.  . 

100-3 

102-9 

109-7 

Loss  . 

miiliof.  .  — 

o 

6-0 

—  10-9 

—  16-6 

Loss  . 

per  cent.  — 

5-9 

-  10-6 

-  15-1 

Three  experiments  in  a  greenhouse  showed 

In  seed  . 

millig.  . 

115-6 

103-4 

101-4 

Loss  . 

millig.  .  — 

8-4 

—  12-7 

—  16-5 

Loss  . 

per  cent.  — 

7-3 

—  12-4 

—  16-3 

Lastly,  two  experiments  in 

a  room  in  a  dwelling-house,  showed  : — 

In  seed 

millig.  . 

88-3 

88-2 

Loss  . 

millio-.  . 

O 

-  7-2  - 

9-7 

Loss  . 

per  cent. 

-  8-2  - 

11-0 

Atwater  discusses  the  results  of  other  experimenters,  including  those  of  Bous- 
siNGAULT,  ScHLCESiNG,  and  ourselves  and  the  late  Dr.  Pugh,  on  the  evolution  of  free 
nitrogen  under  various  conditions.  On  the  whole  he  concludes,  that  germination 
without  the  liberation  of  nitrogen  is  the  normal  process  ;  that  losses,  whether  during 
germination,  or  in  later  periods  of  growth,  are  due  to  forms  of  decay ;  and  that  they 
would  thus  be  not  essential  to  germination  and  growth,  but  accessory  phenomena. 
He,  nevertheless,  gives  a  table  showing,  for  ,8  of  his  experiments,  the  actual  gains 
found,  the  greater  gains , supposing  there  had  been  a  loss  of  l.o  per  cent,  of  nitrogen — 
as  in  some  of  his  own  germination  experiments,  and  the  still  greater  gains  supposing 
a  loss  of  45  per, cent.,  as  shown  in  experiments  of  Boussingault  in  the  germination 
of  beans  and  maize,  under  special  conditions,  in  contact  with  nitrate.  He  admits, 
however,  that  there  is  no  evidence  to  show  what  was  the  loss  in  his  own  vegetation 
experiments. 

We  may  here  remark,  that,  in  full  recognition  of  the  loss  of  nitrogen  under  conditions 
of  decay,  it  was  concluded,  both  by  Boussingault  and  at  Bothamsted,  that  excepting 
in  some  cases  in  which  there  was  obviously  some  decay,  tlie  results  were  not  vitiated 
by  any  such  loss,  and  in  those  cases  the  losses  found  were  so  explained. 

Atwater  quotes  Boussingault’s  earliest  experiments,  made  in  1837  and  1838,  to 
show  that  with  clover  and  peas  nitrogen  must  have  been  gained  from  the  air.  It 
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should  be  remarked,  however,  that  Boussingault  himself,  after  he  had  acquired  much 
more  experience,  both  in  the  conduct  of  vegetation  experiments,  and  in  analytical 
method,  entirely  disallowed  that  the  results  of  those  early  experiments  were  evidence 
of  the  fixation  of  free  nitrogen.  He  also  quotes  Boussingault’s  later  experiments  ; 
made  in  1851,  1853,  and  1854,  and  says  in  regard  to  them  that — “even  the  cereals, 
oats  and  wheat,  contain  17  to  32  per  cent,  more  than  was  supplied  in  the  seed.  The 
results  differ  from  those  of  the  previous  series  in  that  the  cereals  here  show  more,  and 
the  legumes  less,  gain  of  nitrogen.”  Now,  in  the  6  cases  with  haricots  and  lupins 
referred  to,  the  amounts  of  nitrogen  supplied  in  the  seed  ranged  from  19 ‘9  to  3 6 ’7 
rnillig.,  and  they  show,  respectively — 2'3  millig.  actual  loss,  and  3’2,  2‘5,  4'2,  3'0  and 
2'0  millig.  actual  gain.  In  the  case  of  the  cereals,  on  the  other  hand,  the  total  amount 
of  nitrogen  supplied  in  the  seed  was,  with  the  oats  only  3'1,  and  with  the  wheat  only 
6 ‘4  millig.,  and  the  actual  gains  shown  were  only  1‘0  and  I'l  millig.  Yet, 
Atwater  shows  that  these  last  results,  calculated  into  percentage,  represent  gains  of 
32  and  17  per  cent,  of  the  original  nitrogen,  and  larger  gains  even  than  with  the 
legumes  !  It  need  hardly  he  said,  that  Boussingault  interpreted  these  later  results 
as  not  indicating  any  fixation  of  nitrogen. 

Briefly  summarised,  Atwater’s  conclusions  are  : — 

1.  — That  in  some  of  his  experiments  with  peas,  half  or  more  of  the  total  nitrogen 
of  the  plants  was  acquired  from  the  air.  Where  the  gains  were  small,  or  there  was 
a  loss,  the  conditions  were  abnormal,  and  it  is  to  be  assumed  that  there  was  loss, 
either  from  the  nitrate  of  the  nutritive  solutions,  from  the  seeds  during  germination, 
or  from  the  growing  plants. 

2.  — An  actually  observed  gain  is  positive  proof  that  nitrogen  has  been  assimilated, 
either  directly  by  the  plants,  or  indirectly  through  the  medium  in  which  tire  roots 
have  developed.  The  failure  of  an  experiment  to  show  gain  only  proves  non-assimila¬ 
tion,  if  it  is  also  proved  that  there  was  no  liberation  of  nitrogen.  The  conflicting 
results  of  various  experimenters  may  probably  be  explained  by  the  fact  of  such 
liberation. 

3.  — The  experiments  do  not  show  in  what  way  the  nitrogen  is  acquired.  It  must 
have  been  taken  up,  either  as  free  or  combined  nitrogen,  either  directly  through  the 
foliage,  or  indirectly  through  the  soil  and  nutritive  solutions,  and  the  roots. 

4.  — It  is  possible  that  the  negative  results  of  Boussingault,  and  ourselves,  are  due 
to  the  liberation  of  free  nitrogen.  The  conditions  were,  moreover,  such  as  to  exclude 
the  action  of  electricity  and  of  microbes. 

5. - — Since  Berthelot  has  shown  that  nitrogen  may  be  fixed  in  organic  matter  by 
the  agency  of  electricity,  and  in  soils  by  the  agency  of  micro-organisms,  some  cases  of 
gain  may  he  so  explained;  but  it  is  considered  that  the  conditions  for  such  actions  did 
not  exist  in  his  own  experiments.  The  balance  of  evidence  favours  the  assumption 
that  the  plants  themselves  were  the  agents. 

6.  — The  conclusion  that  plants  acquire  atmospheric  nitrogen  accords  with,  and 
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explains,  facts  of  vegetable  production  otherwise  unexplained ;  and  the  fact  of  its 
acquisition  in  considerable  quantities  seems  well  established. 

We  have  pointed  out  that  in  Berthelot’s  later  papers  he  seems  to  rely  much  more 
on  the  agency  of  micro-organisms,  than  on  that  of  electricity,  in  explanation  of  the 
phenomena  of  the  fixation  of  free  nitrogen ;  whilst  Atwater  does  not  consider  that 
the  conditions  of  his  own  experiments  are  favourable  to  the  supposition  that  either 
of  these  agencies  was  the  cause  of  the  fixation  which  his  results  show. 

It  need  only  be  added,  that  the  assumption  that  the  real  gains  are  generally  greater 
than  the  experimental  results  indicate,  on  account  of  the  losses  that  have  taken  place, 
is  a  very  old  one,  it  having  been  brought  against  the  negative  results  obtained  by 
Boussingault,  and  at  Bothamsted,  thirty  or  more  years  ago.  It  is  still,  however,  as 
has  been  seen,  a  favourite  argument  with  others  as  well  as  Professor  Atwater.  We 
have  already  said,  that  neither  the  conclusions  of  Boussingault,  nor  those  drawn 
from  the  Bothamsted  experiments,  were  vitiated  by  virtue  of  such  loss.  Further, 
the  supposition  that  the  assimilation  of  free  nitrogen  is  the  greater  when  luxuriance 
is  favoured  to  a  certain  degree  by  artificial  supplies  of  combined  nitrogen,  owes  its 
origin  to  about  the  same  date.  The  result  was,  however,  as  distinctly  negative  in  the 
experiments  at  Bothamsted  when  luxuriance  was  so  favoured,  as  when  it  was  not.  It 
is  freely  admitted,  however,  that  in  many  of  the  experiments  of  Boussingault,  as  in 
those  at  Bothamsted,  the  arrangements  were  such  as  to  exclude  the  agency,  either  of 
electricity  or  of  micro-organisms.  To  this  point  we  shall  refer  again  presently. 

9.  Recent  results  and  conclusions  of  M.  Boussingault. 

We  have  frequently  discussed  the  results  of  M.  Boussingault,  obtained  from  1837 
to  1854,  and  expressed  entire  agreement  with  the  conclusions  he  drew  from  them 
under  the  conditions  provided  ;  and  it  is  not  the  object  of  the  present  comments  to 
reconsider  them  in  any  detail.  The  question  of  the  fixation  of  free  nitrogen  has, 
however,  assumed  a  new  aspect  in  recent  years.  It  is  now  supposed  that  fixation, 
either  by  the  plant,  or  within  the  soil,  takes  place,  if  at  all,  by  the  agency  of 
electricity,  or  of  micra- organ  isms,  or  of  both ;  and  there  can  be  no  doubt,  that  the 
earlier  vegetation  experiments  of  Boussingault  above  referred  to,  as  well  as  those 
conducted  at  Bothamsted  about  thirty  years  ago,  were  so  arranged  as  to  exclude  the 
influence  of  either  of  those  agencies.  If,  therefore,  it  should  be  established,  that 
fixation  does  take  place  under  their  influence,  and  that  such  influence  is  essential  for 
the  development  of  the  action,  the  conclusions,  both  of  Boussingault  and  ourselves, 
from  the  results  in  question,  are  so  far  vitiated.  It  is  to  some  of  Boussingault’s 
more  recent  results,  which  have  a  bearing  on  this  new  aspect  of  the  question,  that  we 
propose  now  to  refer. 

In  Boussingault’s  previous  vegetation  experiments  he  had  used  sterilised  materials 
as  soils.  But,  in  1858,'^''  he  commenced  a  series  in  which  he  employed  more  or  less  of  a 

*  ‘  Coniptes  Rendus,’  vol.  48,  1859,  p.  .303.  ‘  Agrononiie,  Ac.,’  2'^  edit.,  vol.  1,  I860,  p.  283. 
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rich  garden  surface  soil,  mixed  with  more  or  less  sand,  or  quartz,  or  both.  The  plants 
grown  were  lupins,  hemp,  and  haricots  ;  in  some  cases  in  free,  and  in  others  in  confined 
air.  In  the  latter  cases,  the  materials  were  put  into  a  large  glass  balloon,  or  carboy, 
moistened  with  pure  distilled  water,  the  seed  sown,  and  then  the  whole  perfectly 
closed  from  the  outer  air  by  means  of  caoutchouc,  arrangement  being  made,  however, 
for  the  supply  of  carbonic  acid. 

In  the  experiment  with  lupins  in  confined  air,  the  largest  amount  of  the  rich 
soil  was  used,  and  the  result  was  so  striking,  that  Boussingault  repeated  it  the  next 
year,  1859,^  when  he  obtained  an  almost  identical  result.  In  no  other  case  was  there 
anything  like  the  same  amount  of  gam  of  nitrogen,  and  we  must  only  refer  in  any 
detail  to  the  conditions  and  the  results  of  these  two  experiments.  They  were  as 
follows  : — 


Soil,  &c. 

Nitrogen. 

Date. 

Plant. 

Air. 

At  commencement. 

At  conclusion. 

Soil. 

Sand. 

Quartz. 

Ash. 

In 

soil. 

In 

seed. 

Total. 

\u 

soil. 

In 

plant. 

Total. 

Gain. 

1858 

1859 

Lupin 

Lupin 

Confined 

Confined 

grams. 

130 

130 

grams. 

1000 

720 

grams. 

500 

150 

grams. 

0-2 

01 

grams. 

•3393 

•3380 

grams. 

•0204 

•0200 

grams. 

•3597 

•3580 

grams. 

•4055 

•3834 

grams. 

•0246 

•0417 

grams. 

•4311 

•4251 

grams. 

+  •0714 
+  •0671 

It  should  be  stated  that,  taking  the  mean  of  7  determinations  by  the  soda-lime 
method,  the  rich  garden  soil  used  contained  0'261  per  cent,  of  nitrogen.  This 
Boussingault  calculated  would  correspond  to  11,310  kilog.  nitrogen  per  hectare' 
(=  10,098  lbs.  per  acre),  one-third  of  a  metre  deep.  He  also  determiued  the 
amounts  of  ammonia,  nitric  acid,  and  carbon,  in  the  soil ;  and  he  concluded  that 
the  nitrogen,  beyond  the  small  amount  existing  as  ammonia  or  nitric  acid,  was  in 
combination  as  organic  matter.  In  fact  it  existed  in  organic  detritus,  and  especially 
in  a  black  substance  which  he  observed  by  the  microscope. 

Referring  to  the  figures,  it  is  seen  that  in  the  experiment  in  1858  there  was  a  gain 
of  0'0714  gram  nitrogen,  upon  a  total  of  0’3597  supplied  in  soil  and  seed.  Further, 
calculation  shows  that,  of  the  total  gain  0‘0672  gram  was  in  the  soil,  and  only 
0'0042  gram  in  the  plant,  notwithstanding  that  the  original  soil  contained  0’3393  gram 
nitrogen.  Boussingault  remarks  that  the  fertilising  matters  in  the  soil  had  thus 
scarcely  taken  any  part  in  the  growth  ;  the  conclusion  being  that  it  was  only  the 
nitrogen  that  existed  as,  or  was  transformed  into,  ammonia  or  nitric  acid,  that  was 
available.  He  further  remarks,  that  it  was  impossible,  that  anything  like  the  amount 
of  excess  of  nitrogen  in  the  soil  could  be  due  to  the  debris  of  the  vegetable  matter  of 
the  lupin,  roots,  &c.  He  adds  ; — It  is  the  soil  and  not  the  ^olant  ivhich  has  fixed 
the  nitrogen ;  and  one  such  result  can  only  he  admitted  if  conjlrmed  hy  future 
experiments. 


*  ‘  Agvouomie,  etc.,’  p.  329. 
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In  the  same  year,  1858,  another  experiment  was  made  with  lupins,  but  in  free  air, 
one  with  hemp  in  free  air,  two  with  haricots,  one  in  confined  and  one  in  free  air,  and 
one  with  120  grams  of  the  rich  soil  placed  in  a  shallow  vessel,  kept  moist  with 
distilled  water,  and  exposed  to  the  free  air  as  an  experiment  on  fallow.  In  this  last 
experiment,  whilst  there  was  a  loss  of  about  one-third  of  the  carbon,  the  nitrogen 
increased  from  0'31320  gram  to  0'32184  gram,  showing  a  gain  therefore  of 
0'00864  gram. 

Boussingault  remarks  that  whilst  the  soil  has  lost  a  considerable  quantity  of  its 
carbon  by  slow  combustion,  the  nitrogen  instead  of  diminishing  has  even  increased, 
and  that  it  remains  to  decide  whether  there  has  been  nitrification,  production,  or  simple 
absorption  of  ammonia. 

In  introducing  the  report  of  the  second  series  of  experiments,  those  made  in  1859, 
Boussingault  says  that  he  could  not  accept  the  gain  of  nitrogen  by  vegetable  mould 
as  sufficiently  established,  without  repeating  the  exjieriments.  It  further  remained  to 
examine  whether,  in  case  there  really  were  a  fixation  of  nitrogen,  it  was  as  nitric  acid, 
as  ammonia,  or  as  organic  compounds. 

In  reference  to  the  result  of  the  experiment  made  in  1859,  as  given  in  the  table, 
Boussingault  says  that  during  the  growdh  of  a  lupin  in  a  confined  atmosphere,  in 
130  grams  of  very  rich  soil,  mixed  with  sand  to  favour  the  access  of  air,  the  plant, 
during  97  days,  assimilated  0’0217  gram  nitrogen  from  the  soil,  and  yet  the  soil  gained 
0’0454  gram  nitrogen,  only  one-ninth  of  which  pre-existed  as  nitric  acid  or  ammonia. 
The  total  gain  of  nitrogen  in  plant  and  soil  was  0'067l  gram,  a  result  which  is  almost 
identical  with  that  found  in  1858.  He  adds,  that  there  is  this  curious  coincidence, 
that  in  both  cases  it  is  by  the  soil,  and  not  by  the  plant,  that  the  gain  has  been  effected. 

In  the  case  of  none  of  the  other  vegetation  experiments  in  1859  are  the  gains  or 
losses  by  the  soils  given,  so  that  the  total  gain  or  loss  cannot  be  estimated.  Bous¬ 
singault  points  out,  however,  that  in  1859,  there  was  about  twice  as  much  nitrogen 
taken  up  by  a  haricot  growing  in  100  grams  of  the  soil,  as  by  one  growing  in  only 
50  grams  in  1858.  It  may  be  added  that  haricots  took  up  much  more  nitrogen  in 
proportion  to  a  given  amount  of  soil  than  lupins. 

Referring  to  the  main  results,  Boussingault  says  the  singular  fact  appears,  that 
the  soil  not  only  gained  ammonia  and  nitrates,  but  organic  matter  also,  possibly  the 
remains  of  living  organisms.  On  careful  examination,  he  has  observed  that  vegetable 
earth  contains,  not  only  dead  organised  matter,  but  living  oi'ganisms,  germs,  the 
vitality  of  which  is  suspended  by  drying,  and  re-established  under  favourable  con¬ 
ditions  as  to  moisture  and  temperature.  This  mycodermic  vegetation  is  not  ahvays 
visible  to  the  naked  eye,  and  its  progress  must  be  followed  by  the  aid  of  the  micro¬ 
scope.  The  mycoderms  have  only  an  ephemeral  existence,  and  they  leave  their 
detritus  in  the  soil,  which  in  time  may  give  rise  to  ammonia  and  nitric  acid.  Even  if 
the  nitrogen  of  the  air  takes  part  in  nitrification,  a  part  of  the  nitrogen  will  exist  in 
mycoderms,  or  their  remains. 
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However  this  may  be,  considering  only  the  numerical  results  which  have  been 
obtained,  he  is  forced  to  believe  that  the  soil  of  Liebfrauenberg  has  fixed  nitrogen  ; 
nitric  acid  and  ammonia  being  at  the  same  time  developed.  The  experiment  on 
fallow  in  confined  air  seems  to  indicate  that  the  vegetation  has  but  little  to  do  with 
the  result. 

Having  given  the  details  of  his  experiments,  he  submits  them  to  the  criticism  of 
others,  thus  enabling  them  to  judge  whether  the  intervention  of  the  nitrogen  of  the 
air  in  the  production  of  nitrates  is  really  established.  In  his  opmion,  if  there  is  not 
absolute  proof,  there  is  certainly  strong  presumption,  in  favour  of  the  reality  of  the 
phenomenon. 

These  very  remarkable  results  seem  to  have  instigated  new  experiments  to  test  the 
validity  of  the  obvious  conclusion  from  them.  In  the  discussion  of  the  previous 
experiments  Boussingault  had  constantly  compared  the  results  obtained  in  a 
vegetable  soil  with  those  in  a  nitre  bed.  In  reference  to  these  new  experiments 
he  says  that  in  the  nitrification  of  vegetable  earth,  and  in  the  materials  of  an  artificial 
nitre  bed,  everything  leads  to  the  conclusion  that  the  nitric  acid  is  developed  especially 
at  the  expense  of  organic  substances.  But  it  does  not  necessarily  follow  that  the 
gaseous  nitrogen  of  the  atmosphere  cannot  contribute,  within  certain  limits,  to  the 
production  of  nitrates.  It  is  to  ascertain  whether  this  co-operation  takes  place  that 
the  new  experiments  were  undertaken. 

In  the  next  year,  I860,*  Boussingault  placed  a  mixture  of  100  grams  of  very  rich 
vegetable  soil,  and  300  grams  of  quartz  sand,  in  a  large  balloon,  such  as  he  used  in 
the  previous  vegetation  experiments,  moistened  the  mass,  and  then  closed  it  perfectly 
by  means  of  a  caoutchouc  cap.  A  second  experiment  was  also  arranged,  in  which  the 
conditions  were  precisely  similar,  excepting  that  5  grams  of  cellulose  were  added  to 
the  mixture.  The  materials  could  not  be  stirred,  and  it  was  decided  to  leave  them  in 
contact  with  confined  air  for  a  considerable  time.  The  two  vessels  were,  in  fact,  left 
for  11  years,  when,  in  1871,  they  were  opened,  and  the  contents  examined. 

The  result  was  that  in  both  cases  there  was  a  very  considerable  amount  of  nitrifica¬ 
tion,  representing  in  Experiment  1  rather  more,  but  in  Experiment  2  with  the  cellulose 
less,  than  one-third  of  the  original  nitrogen  of  the  soil.  The  actual  loss  of  carbon  was 
more  than  4  times  as  great  in  Experiment  2  with  the  cellulose,  as  in  Experiment  1 
without  it ;  amounting  in  Exj^erimerit  1  to  about  16  per  cent.,  and  in  Experiment  2  to 
about  43  per  cent,  of  the  original  quantity. 

Lastly,  as  to  the  nitrogen  : — In  Experiment  1,  without  cellulose,  there  was  out  of 
0'4722  gram  total  nitrogen  in  the  original  soil,  aloss  of  0‘0212  gram,  corresponding  to 
4*5  per  cent,  of  the  original  amount;  and  in  Experiment  2,  with  the  cellulose,  there 
was,  upon  the  same  original  amount  of  nitrogen  a  loss  of  0'0081  gram,  corresponding 
to  171  per  cent,  of  the  original. 

*  ‘  Compt.  Rend.,’  vol.  76,  1873,  p.  22. 
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In  regard  to  these  new  results  Boussinoault  says  that,  contrary  to  his  anticipation, 
the  combustion  of  the  carbon  of  the  non-nitrogenous  organic  matter,  the  cellulose, 
added  to  the  soil,  had  not  favoured  the  production  of  nitric  acid. 

He  gives  reasons  for  concluding  that  the  process  of  nitrification  had  been  completed 
before  the  opening  of  the  vessels  in  1871.  At  the  same  time,  he  shows  that  the 
amount,  both  of  oxygen,  and  of  salifiable  bases,  remaining,  was  sufficient  for  the 
production  of  much  more  nitrate. 

Upon  the  whole  he  concludes  as  follows  : — 

It  results  from  these  researches,  that,  in  the  nitrification  of  vegetable  soil,  in  a 
confined  atmosphere  not  renewed,  that  is  in  stagnant  air,  gaseous  nitrogen  does  not 
appear  to  contribute  to  the  formation  of  nitric  acid.  The  nitrogen  determined  in  the 
soil  in  1871,  was  not  more  than,  but  was  even  not  quite  so  much  as,  in  1860.  In  the 
conditions  of  the  experiment,  the  nitrification  must  have  taken  place  at  the  expense 
of  the  organic  substance  of  humus,  which  is  found  in  all  fertile  soils. 

Although,  as  we  have  already  said,  the  experiments  in  question  were  obviously 
suggested  by  the  results  obtained  in  1858  and  1859,  which  showed  a  gain  of  nitrogen, 
Boussingault  does  not,  throughout  the  discussion  of  the  new  results,  offer  any 
explanation  of,  or  even  refer  to,  the  earlier  ones.  Further,  it  will  be  observed  that  in 
recording  the  negative  results  of  the  new  experiments,  he  is  careful  to  define  the 
conditions  under  which  they  were  obtained. 

Always  placing  the  greatest  reliance,  both  in  the  work  and  in  the  conclusions  of 
Boussingault,  we  had  been  much  impressed  with  the  significance  and  importance 
of  the  earlier  results  and  conclusions  above  referred  to,  whicn  did  not  seem  to  be 
satisfactorily  explained  by  the  new  ones,  and  in  April,  1876,  one  of  us  wrote  to  him 
as  follows  : — 

“We  have  been  very  much  struck  with  some  of  your  results  with  Leguminosse, 
especially  those  with  lupins  in  confined  air  in  1858  and  1859,  and  those  with  lupins 
and  haricots  in  free  air  in  1858.  May  I  ask  whether  it  is  your  opinion  that  the  free 
azote  of  the  air  does  enter  into  combination,  either  by  the  direct  agency  of 
vegetation,  or  through  that  of  the  soil  %  And,  if  so,  under  what  conditions  do  you 
think  this  action  takes  place,  and  what  is  the  nature  of  the  action  ?  ” 

In  answer  Bqussingault  wrote  a  long  and  interesting  letter,  dated  May  19, 
1876,  in  which  he  discussed  various  points  of  the  subject  of  the  sources  of  the  nitrogen 
of  vegetation,  and  replied  as  follows  in  reference  to  the  special  questions  relating  to 
his  experiments  in  1858  and  1859  : — 

“  Quant  a  I’absorption  de  I’azote  gazeux  de  fair  par  la  terre  vegetale  je  ne  connais 
pas  une  seule  observation  irreprochable  qui  I’etablisse  ;  non  seulement  la  terre  n’absorbe 
pas  d’azote  gazeux  mais  elle  en  emet,  ainsi  que  vous  favez  reconnu  avec  j\Ir.  Lawes, 
comme  la  vu  Reiset  pour  le  fumier,  comme  nous  I’avons  constatd,  M.  Schlcesing  et 
moi,  dans  nos  recherches  sur  la  nitrification. 
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“  S’il  est  er}  physiologie  un  fait  parfaitement  demontre,  c’est  celui  de  la  non  assimi¬ 
lation  de  I’azote  libre  par  les  vegetaux,  et  je  puis  aj outer  par  les  plantes  d’un  ordre 
inferieur,  telles  que  les  raycodermes,  les  cliampignons/' 

Thus,  then,  although  by  the  terms  of  our  inquiry,  Boussixgault’s  attention  was 
specially  directed  to  the  evidence  of  gain  of  nitrogen  from  the  air  by  the  soil  which 
his  experiments  in  1858  and  1859  afforded,  he,  in  1876  sta.tes  that  he  is  not  aware 
of  any  irreproachable  observation  establishing  the  reality  of  such  an  action,  whilst,  on 
the  contrary,  he  considers  it  established  that  soils  emit  rather  than  gain  free  nitrogen. 

Further,  he  considers  it  perfectly  demonstrated,  that  neither  plants  of  a  higher,  nor 
those  of  an  inferior  order,  such  as  mycoderms  and  fungi,  assimilate  free  nitrogen. 

It  is  to  be  observed  that,  although  Boussingault  clearly  ignores  the  significance  of 
the  results  to  which  we  had  directed  his  attention,  he  did  not  offer  any  explanation  of 
them.  Subsequently,  on  several  occasions  when  passing  through  Paris,  one  of  us 
sought  to  meet  M.  Boussixgault,  and  to  discuss  the  question  with  him  further,  but 
he  was  each  time  in  Alsace.  However,  one  of  us  visited  him  at  Liebfrauenberg  in 
1883,  and  had  an  interesting  conversation  with  him  on  the  subject.  ISlo  special 
reference  was  made  to  his  experiments  of  1858  and  1859  ;  but  he  clearly  maintained 
the  same  view  as  to  the  non-fixation  of  free  nitrogen,  as  given  in  the  sentences  above 
quoted  from  his  letter  of  1876. 

It  is  remarkable,  that  in  that  letter  he  should  so  expressly  give  his  opinion  against 
the  supposition  that  the  lower  organisms  within  tlie  soil  effect  the  fixation  of  free 
nitrogen,  notwithstanding  the  evidence  of  his  experiments  of  1858  and  1859  that  the 
gain,  if  there  really  were  gain,  was  chiefly  by  the  soil,  and  chiefly  as  organic  matter, 
the  accumulation  of  which  he  attributed  to  the  development  of  mycodermic  vegetation. 
It  is  true  that,  in  the  discussion  of  the  results,  he  did  not  give  any  clear  indication 
whether  he  considered  that  the  apparent  fixation  was  due  in  the  first  instance  to  the 
process  of  nitrification,  the  mycoderms  only  appropriating  the  nitrogen  of  the  nitrates 
formed,  or  whether  he  supposed  that  the  mycoderms  themselves  were  the  primary 
agents,  and  that  the  nitrification  was  only  the  result  of  the  oxidation  of  the  myco¬ 
dermic  remains. 

It  did  indeed  seem,  that,  in  the  results  in  question,  there  was  the  germ  of  the  germ 
explanation  of  the  fixation  of  free  nitrogen,  if  such  took  place  at  all,  in  connection 
with  vegetation.  But  we  confess  that  Boussingault’s  very  distinct  conclusion 
against  the  assumption  of  any  srtch  agency,  notwithstanding  the  indications  of  some 
of  his  own  experiments,  leads  us  still  to  ask  for  further  confirmation  of  the  evidence 
of  others  in  the  same  direction,  which  has  been  accumulatino^  during  the  last  few 
years. 
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PART  III. 

Summary,  and  General  Considerations  and  Conclusions. 

It  seems  desirable  to  endeavour  to  summarise  the  results,  both  experimental  and 
critical,  of  this  extended  inquiry,  relating  to  a  very  difficult  and  very  complicated 
subject,  and  involving  the  consideration  of  very  conflicting  evidence,  and  of  equally 
conflicting  opinions  in  regard  to  it. 

We  will  first  give  a  resume  of  the  results,  and  conclusions,  as  given  in  Part  I.  of 
this  paper,  on— 


1.  The  Evidence  relating  to  other  Sources  than  Free  Nitrogen. 

In  our  earlier  papers  we  had  concluded  that,  excepting  the  small  amount  of 
combined  nitrogen  coming  down  in  rain  and  the  minor  aqueous  deposits  from  the 
atmosphere,  the  source  of  the  nitrogen  of  our  crops  was,  substantially,  the  stores 
within  the  soil  and  subsoil,  whether  derived  from  previous  accumulations,  or  from 
recent  supplies  by  manure. 

More  recently,  we  have  shown  that  the  amount  of  nitrogen  as  nitric  acid  in  the  soil, 
was  much  less  after  the  growth  of  a  crop  than  under  corresponding  conditions  without 
a  crop.  In  the  case  of  gramineous  crops  it  was  concluded  that  most  if  not  the  whole 
of  their  nitrogen  was  taken  up  as  nitric  acid.  In  the  experiments  with  leguminous 
crops  the  evidence  indicated  that,  in  some  cases  the  whole  of  the  nitrogen  had  been 
taken  up  as  nitric  acid,  but  that  in  others  that  source  seemed  to  be  inadequate. 

It  has  been  further  shown  that,  under  otherwise  parallel  conditions,  there  was  very 
much  more  nitrogen  as  nitric  acid  in  soils  and  subsoils,  down  to  a  depth  of  108  inches, 
where  leguminous  than  where  gramineous  crops  had  for  some  time  been  grown.  The 
indication  was,  that  nitrification  had  been  more  active  under  the  infiuence  of 
leguminous  than  of  gramineous  growth  and  crop  residue. 

At  the  same  time,  comparing  the  amounts  of  nitrogen  as  nitric  acid  in  the  soil 
where  the  shallow  rooting  Trifolium  repens  had  previously  been  grown,  with  those 
where  the  deeper  rooting  Vicia  sativa  had  yielded  fair  crops,  it  was  found  that, 
down  to  a  depth  of  108  inches,  the  Vicia  soil  contained  much  less  nitric  acid  than 
the  Trifolium  reyens  soil ;  and  it  was  concluded  that  most,  if  not  the  whole,  of  the 
nitrogen  of  the  Vicia  crops  had  been  taken  up  as  nitric  acid. 

New  results  of  the  same  kind,  which  related  to  Trifolium  repens  as  a  shallow 
rooting  and  meagrely  yielding  plant,  to  Melilotus  leucantha  as  a  deeper  rooting  and 
freer  growing  one,  and  to  Medicago  sativa  as  a  still  deeper  rooting  and  still  freer 
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growing  plant',  very  strikingly  illustrated  and  confirmed  the  result  of  the  exhaustion 
of  the  nitric  acid  of  the  subsoil  hy  the  strong,  deep-rooting,  and  high  nitrogen- 
yielding  Leguminosse.  Still,  the  figures  did  not  justify  the  conclusion  that  the  whole 
of  the  large  amount  of  nitrogen  taken  up  by  the  Meclicago  crops  could  have  had  its 
source  in  nitric  acid.  It  was  obvious  that  much  nitrification  takes  place  near  the 
surface ;  hut  as  the  surface  soil  became  even  somewhat  richer  in  nitrogen,  it  was 
clear  that  it  had  not  been  the  primary  source  of  the  whole  of  the  nitrogen  taken  up 
by  the  plants.  The  source  of  much  of  it  must  have  been  either  the  atmosphere,  or 
the  subsoil ;  and  if  the  subsoil,  and  yet  not  wholly  as  nitric  acid,  the  question 
arises,  in  what  other  form  of  combination  1 

In  another  experiment,  where  one  leguminous  crop — beans — had  been  sown  for 
many  years  in  succession,  but  had  frequently  yielded  very  small  crops,  and  sometimes 
failed,  and  over  the  whole  period  had  given  an  average  of  little  more  than  30  lbs.  of 
nitrogen  per  acre  per  annum,  the  land  was  then  left  fallow  for  several  years,  after 
which,  in  1883,  barley  and  clover  were  sown.  In  that  year,  in  1884,  and  in  1885, 
about  300  lbs.  of  nitrogen  were  removed  per  acre,  chiefly  in  the  clover  crops.  This 
result  was  obtained — where  another  leguminous  crop  had  to  a  great  extent  failed, 
where  the  surface  soil  had  become  very  poor  in  total  nitrogen,  where  there  existed  a 
very  small  amount  of  ready  formed  nitric  acid  to  a  considerable  depth,  and  where  the 
surface  was  unusually  poor  in  nitrogenous  crop  residue  for  nitrification. 

Further,  not  only  had  this  large  amount  of  nitrogen  been  removed  in  the  clover 
crops,  but  the  surface  soil  became  determinably  richer  in  nitrogen.  Here  again,  then, 
the  primary  source  of  the  nitrogen  of  the  crop  could  not  have  been  the  surface  soil 
itself.  It  must  have  been  either  the  atmosphere,  or  the  subsoil ;  and  assuming  it  to 
be  the  subsoil,  the  question  arises  whether  it  was  taken  up  as  nitric  acid,  as  ammonia, 
or  as  organic  nitrogen  ? 

The  various  results  adduced  could  leave  no  doubt  that  nitric  acid  was  an  important 
source  of  the  nitrogen  of  the  lieguminosee.  Indeed,  existing  evidence  relating  to 
nitric  acid  carries  us  quantitatively  further  than  any  other  line  of  explanation. 
But  it  is  admittedly  inadequate  to  account  for  the  amounts  of  nitrogen  taken  up, 
either  by  the  Medicago  saliva  on  the  clover-exhausted  land,  or  by  the  clover  on  the 
bean-exhausted  land. 

Direct  experiments  were  made  to  determine  whether  the  nitrogen  of  the  Rotham- 
sted  raw  clay  subsoils,  from  which  it  was  assumed  much  nitrogen  had  been  derived  in 
some  way,  was  susceptible  of  nitrification,  provided  the  nitrifying  organisms,  and 
other  necessary  conditions,  were  present.  It  was  found  that  the  nitrogen  of  such 
subsoils,  containing  only  between  0'04  and  0'05  per  cent,  of  nitrogen,  and  not  more 
than  six  or  eight  parts  of  carbon  to  one  of  nitrogen,  was  susceptible  of  nitrification. 
It  was  also  found  that  nitrification  was  more  active  in  leguminous,  than  in  gramineous 
crop  subsoils. 

Although  it  was  clear  that  the  nitrogen  of  raw  clay  subsoils,  which  constitutes 
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an  enormous  store  of  already  combined  nitrogen,  was  susceptible  of  nitrification, 
provided  the  organisms  are  present,  and  the  supply  of  oxygen  is  sufficient,  the 
results  did  not  indicate  that  these  conditions  would  be  adequately  available 
in  such  cases  as  those  of  the  very  large  accumulations  of  nitrogen  by  the  Medicayo 
saliva  for  a  number  of  years  in  succession  on  the  clover-exhausted  land,  or  by  the  red 
clover  on  the  bean-exhausted  land. 

The  question  arose — whether  roots,  by  vmtue  of  their  acid  sap,  might  not,  either 
directly  take  up,  or  at  any  rate  attack  and  liberate  for  further  change,  the  otherwise 
insoluble  organic  nitrogen  of  the  subsoil  ?  Accordingly,  specimens  of  the  deep,  strong, 
fleshy  root,  of  the  Medicayo  saliva  were  collected  and  examined,  when  it  was  found 
that  the  sap  was  very  strongly  acid.  The  degree  of  acidity  was  determined,  and 
attempts  were  made  so  to  free  the  extract  from  nitrogen  so  as  to  render  it  available 
for  determining  whether  or  not  it  would  attack  and  take  up  the  nitrogen  of  the  raw 
clay  subsoil.  Hitherto,  however,  these  attempts  have  been  unsuccessful. 

When  this  difficulty  arose,  it  was  decided  in  the  meantime  to  examme  the  action 
on  soils  and  subsoils,  of  various  organic  acids,  in  solutions  of  a  degree  of  acidity 
either  approximately  the  same  as  that  of  the  lucerne  root-juice,  or  having  a  known 
relation  to  it. 

It  was  found  that  the  weak  organic  acid  solutions  did  take  up  some  nitrogen  from 
the  raw  clay  subsoil,  and  more  from  the  poor  lucerne  surface  soil.  But  when  solutions 
of  only  approximately  the  acidity  of  the  root-sap  were  agitated  with  an  amount  of 
soil  which  it  was  thought  would  be  sufficient  to  yield  so  much  nitrogen  as  to  insure 
accurate  determination,  it  was  found  that  the  acid  frequently  became  neutralised  by 
the  bases  of  the  soil,  and  that  less  nitrogen  remained  dissolved  after  a  contact  of 
24  hours,  or  more,  than  after  only  1  hour.  The  strength  of  the  acid  liquids  was 
therefore  increased,  and  the  relation  of  soil  to  acid  diminished.  More  nitrogen  was 
then  taken  uj),  and  more  after  the  longer  than  after  the  shorter  period  of  contact. 
Still,  on  adding  fresh  acid  solution  to  the  already  once  extracted  soil,  a  limit  to  the 
amount  of  nitrogen  rendered  soluble  was  soon  reached. 

Here  again,  the  conditions  of  experiment  in  the  laboratory  are  not  comparable  with 
those  of  the  action  of  living  roots  on  the  soil,  and  the  results  obtained  did  not  justify 
any  very  definite  conclusion  as  to  whether  the  action  of  the  roots  on  the  soil,  by 
virtue  of  their  acid  sap,  is  quantitatively  an  important  source  of  the  nitrogen  of 
plants  having  an  extended  development  of  roots,  of  which  the  sap  is  strongly  acid. 

Dr.  G.  Loges  has  published  the  results  of  experiments  in  which  he  acted  upon 
soils  by  pretty  strong  hydrochloric  acid,  and  determined  the  amount  of  nitrogen  taken 
up.  One  of  his  soils  contained,  however,  0’804,  and  the  other  0‘367,  per  cent,  of 
nitrogen ;  whilst  the  surface  soil  of  the  lucerne  plot  at  Bothamsted  contained  only 
about  0T25,  and  the  subsoil,  which  is  assumed  to  have  yielded  large  quantities  of 
nitrogen  to  the  crops,  little  more  than  0'04  per  cent.  Again,  in  the  one  case  Loges 
found  40  per  cent.,  and  in  the  other  22'6  per  cent.,  of  the  total  nitrogen  taken  up. 
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It  is  obvious/ therefore,  that  such  an  action  is  not  directly  comparable  with  that  of 
root-sap  on  a  poor  subsoil.  Loges  concluded  however  that  the  substance  taken  up  is 
an  amide  or  peptone  body, 

MM.  Berthelot  and  Andre  have  also  published  the  results  of  experiments  to 
determine  the  character  of  the  insoluble  nitrogenous  compounds  in  soils,  and  of  the 
changes  they  undergo  when  acted  upon  by  hydrochloric  acid.  They  found  the  nitrogen 
in  the  extract  existed  partly  as  ammonia,  but  in  much  larger  proportion  as  soluble 
amides,  and  that  the  amounts  obtained  of  both,  increased  with  the  strength  of  the  acid, 
the  time  of  contact,  and  the  temperature.  They  also  found  that  when  the  clear 
filtered  acid  extract  is  exactly  neutralised  by  potash,  one  portion  of  the  amide  still 
remains  soluble,  whilst  another  is  precipitated,  showing  that  the  amides  rendered 
soluble  constitute  two  groups.  Such  re-precipitation  is  quite  in  accordance  with  the 
results  obtained  in  our  own  experiments,  in  which  less  nitrogen  remained  dissolved 
after  24  hours’  than  after  only  1  hour’s  contact,  when,  with  the  longer  period,  the 
acidity  of  the  extract  became  neutralised. 

In  the  experiments  of  Berthelot  and  Andr^,  as  in  those  of  Loges,  the  strength 
of  acid  used  was  much  greater  than  in  the  Rothamsted  experiments,  and  very  much 
greater  than  is  likely  to  occur  in  any  root-sap.  Further,  the  soil  they  operated  upon 
was  about  4  times  as  rich  in  nitrogen  as  the  Rothamsted  subsoils,  and  with  the 
strongest  acid,  and  a  temperature  of  100°  C.,  nearly  one-third  of  the  total  nitrogen  of 
the  soil  was  dissolved. 

Still,  the  results  of  Loges,  and  of  Berthelot  and  Andre,  are  of  much  interest  as 
confirming  the  supposition  that  the  insoluble  nitrogenous  compounds  in  soils  are,  or 
yield,  amide  bodies,  and  as  indicating  the  changes  to  which  they  are  subject  when  acted 
upon  by  acids.  Supposing,  however,  the  acid  root-sap  so  to  act  on  the  insoluble  organic 
nitrogen  of  the  soil,  and  especially  of  the  subsoil,  the  question  still  remains,  whether 
the  amide  rendered  soluble  is  taken  up  as  such,  or  undergoes  further  change  before 
serving  as  food  for  the  plant  ?  It  is  seen  that  ammonia  is  an  essential  result  of  the 
reaction  ;  and  the  further  question  arises,  therefore,  whether  the  liberated  ammonia  is 
taken  up  as  sach,  or  is  first  oxidated  into  nitric  acid  ?  Then,  again,  is  the  soluble 
amide  subjected  to  further  change,  perhaps  first  yielding  ammonia,  and  this  again 
nitric  acid  ?  On  this  supjiosition  we  are  again  met  with  the  difiiculty  as  to  the 
sufficient  aeration  of  the  subsoil. 

Independently  of  much  other  evidence,  our  own  direct  experiments  have  shown  it 
to  be  probable,  if  not  certain,  that  fungi  can  utilise  both  the  organic  carbon  and  the 
organic  nitrogen  of  the  soil ;  though  they  seem  to  develop  the  more  freely  when  the 
humic  matters  have  not  undergone  the  final  stages  of  change  by  which  the  compound 
of  so  low  a  proportion  of  carbon  to  nitrogen  as  is  found  in  raw  subsoils,  has  been  pro¬ 
duced.  As  bearing  on  the  question  whether  amides,  rendered  soluble  within  the  soil, 
may  be  taken  up  as  such  by  chlorophyllous  plants  the  results  of  various  experiments 
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of  others,  made  to  determine  whether  such  plants  can  take  up  such  bodies,  and 
assimilate  their  nitrogen,  have  been  considered. 

Upon  the  whole  it  seems  probable,  that  green-leaved  plants  can  take  up  soluble 
complex  nitrogenous  organic  bodies,  when  these  are  presented  to  them  under  such 
conditions  as  in  water-culture  experiments,  and  that  they  can  transform  them  and 
appropriate  their  nitrogen.  If  this  be  the  case,  it  would  seem  not  improbable  that 
they  could  take  up  directly,  and  utilise,  amide  bodies  rendered  soluble  within  the  soil 
by  the  action  of  their  acid  root-sap. 

In  connection  with  the  subject  of  the  conditions  under  which  the  insoluble  organic 
nitrogen  of  sods  and  subsoils  may  become  available  to  chlorophyllous  plants,  some 
results  of  Frank  are  referred  to.  He  observed  that  the  feeding  roots  of  certain 
trees  were  covered  with  a  fungus,  the  threads  of  which  forced  themselves  between  the 
epidermal  cells  into  the  root  itself,  which  in  such  cases  had  no  hairs,  but  similar  bodies 
were  found  external  to  the  fungus-mantle,  which  prolonged  into  threads  among  the 
particles  of  soil.  Frank  concluded  that  the  chlorophyllous  tree  acquires  its  sod 
nutriment  through  the  agency  of  the  fungus. 

Such  a  mode  of  accumulation  by  some  green-leaved  plants,  obviously  allies  them 
in  this  respect  very  closely  to  fungi  themselves  ;  indeed,  it  is  by  an  action  on 
the  sod  which  characterises  non-chlorophyllous  plants,  that  the  chlorophyllous  plant 
acquires  its  soil-supplies  of  nutriment.  But  inasmuch  as,  in  the  cases  observed,  the 
action  was  most  marked  in  the  surface  layers  of  soil  rich  in  humus,  and  it  is  stated 
that  the  development  has  not  been  observed  on  the  I'oots  of  any  herbaceous  plants, 
the  facts  so  far  recorded  do  not  aid  us  in  the  explanation  of  the  acquirement  of 
nitrogen  by  deep  and  strong  rooted  Leguminosee  from  raw  clay  subsods.  Still,  in  view 
of  the  office  within  the  soil  which  is  by  some  attributed  to  micro-organisms,  and  other 
low  forms,  the  observations  are  not  without  interest. 

It  is  admitted  that  existing  evidence  on  the  various  points  which  have  been  referred 
to  is  insufficient  to  explain  the  source  of  the  whole  of  the  nitrogen  of  the  Leguminosee. 

The  question  arises,  therefore,  whether  the  free  nitrogen  of  the  atmosphere  is  fixed, 
either  by  the  plant,  under  the  influence  of  electricity  or  otherwise,  or  within  the  sod, 
by  the  agency  either  of  electricity  or  of  micro-organisms  ?  We  believe  that  the 
results  of  BoussIngault,  and  those  obtained  in  conjunction  with  the  late  Dr.  Pugh  at 
Bothamsted,  are  conclusive  against  the  supposition  of  the  fixation  of  free  nitrogen 
by  the  higher  plants,  under  conditions  in  which  the  possibility  of  electrical  action, 
or  of  the  influence  of  micro-organisms,  is  excluded.  The  following  is  a  brief  resume 
of  the  more  detailed  account  and  discussion,  given  in  Part  II.,  of  the  recently 
published  results  and  conclusions  of  others,  from  experiments  for  the  most  part  made 
under  such  conditions  as  not  to  exclude  the  possibility  of  the  influence  of  electricity 
or  of  micro-organisms. 
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2.  The  Evidence  relating  to  the  Fixation  of  Free  Nitrogen. 

In  the  experiments  of  M.  Berthelot,  in  all  of  which  the  gains  of  nitrogen  are 
comparatively  small,  they  have  in  some  cases  been  attributed  to  electrical  action,  and 
in  others  to  the  agency  of  micro-organisms  within  the  soil. 

M.  Berthelot  first  showed  that  free  nitrogen  was  fixed  by  various  organic 
compounds  under  the  influence  of  the  silent  electric  discharge,  at  the  ordinary 
temperature  ;  and  he  suggested  that  such  actions  probably  take  place  in  the  air 
during  storms,  and  when  the  atmosphere  is  charged  with  electricity,  organic  matters 
absorbing  nitrogen  and  oxygen.  He  also  experimented  with  currents  of  much  weaker 
tension,  more  comparable  with  those  incessantly  occurring  in  the  air,  and  in  all  cases 
he  found  that  nitrogen  was  fixed  by  the  organic  substance.  The  gains  were  in  amount 
such  as  would  explain  the  source  of  the  nitrogen  which  be  considers  crops  must  derive 
from  the  atmosphere. 

Subsequently,  he  found  that  free  nitrogen  was  brought  into  combination  by 
argillaceous  soils,  when  exposed  in  their  natural  condition,  but  not  when  they  were 
sterilised.  He  also  found  gain  when  the  natural  soils  were  enclosed.  He  considered 
the  results  showed  that  there  was  gain  of  nitrogen  quite  independently  of  any  absorp¬ 
tion  of  combined  nitrogen ;  in  fact  that  there  was  fixation  of  free  nitrogen  due  to 
living  organisms.  He  further  considered  that  such  gains,  not  only  serve  as  compensa¬ 
tion  for  exhaustion  by  cropping,  &c.,  but  explain  how  originally  sterile  argillaceous 
soils  eventually  become  vegetable  moulds. 

He  also  made  experiments  on  the  fixation  of  free  nitrogen  by  vegetable  earth 
supporting  vegetation  ;  and  he  found  that  there  was  a  gain  about  equally  divided 
between  the  soil  and  the  plant,  the  latter  having  taken  it  up  from  the  soil,  which  he 
considers  is  the  true  source  of  gain. 

The  results  obtained  under  the  influence  of  the  silent  discharge  in  bringing  free 
nitrogen  into  combination  with  certain  vegetable  principles,  of  course  owed  their 
special  interest  to  the  inference  that  thus  free  nitrogen  might  be  brought  into 
combination  within  the  plant ;  but  M.  Berthelot  now  considers  it  doubtful  whether 
the  higher  plants  do  bring  free  nitrogen  into  combination  at  all.  Obviously,  however, 
if  there  are  organic  compounds  within  the  soil  which  have  the  power  of  brmging  free 
nitrogen  into  combination  under  the  influence  of  electricity,  the  soil  may  be  the 
source,  and  yet  the  agent  may  be  the  feeble  electric  current.  But,  so  far  as  it  is 
assumed  that  free  nitrogen  is  brought  into  combination  in  the  atmosphere  itself,  the 
resulting  compounds  will  be  found  in  the  air,  and  in  the  aqueous  depositions  from  it ; 
and  the  limit  of  the  amount  of  combined  nitrogen  so  available  over  a  given  area,  in 
Eui’ope  at  any  rate,  is  pretty  well  known. 

In  conclusion,  although  it  must  be  admitted  that  M.  Berthelot  carefully 
considered,  and  endeavoured  to  estimate,  all  other  sources  than  free  nitrogen,  yet  the 
conditions  of  risk  and  exposure  to  accidental  sources  of  gain,  in  experiments  in  open 
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air,  are  such  that  results  so  obtained  cannot  of  themselves  be  accepted  without  reserva¬ 
tion.  But  the  fact  that  he  found  distinct  gains  in  experiments  in  closed  vessels,  and 
that  he  obtained  negative  results  with  sterilised  soils,  is  certainly  in  favour  of  the 
conclusion  at  which  he  arrived. 

M.  JouLiE  made  numerous  vegetation  experiments  in  which  the  soils  and  the  plants 
were,  with  certain  precautions,  exposed  to  the  free  air,  and  in  which  known  amounts 
of  combined  nitrogen  were  supplied.  He  found  very  variable,  but  in  some  cases  very 
large,  gains  of  nitrogen.  He  considered  that  the  variations  of  result  were  largely  due 
to  the  varying  conditions  as  to  mineral-supply  in  the  different  experiments. 

M.  JouLiE  concluded  that  microbes  probably  play  an  important  part  in  the  fixation 
of  nitrogen.  He  did  not  think  that  his  results  were  favourable  to  the  supposition 
that  the  plants  themselves  effected  the  fixation.  For  the  present  he  limits  himself 
to  the  establishment  of  the  great  fact  of  the  fixation  of  the  free  nitrogen  of  the 
atmosphere,  leaving  to  the  future  the  exact  explanation. 

It  is  to  be  observed  that  the  large  gains  shown  were  chiefly  with  a  polygonous 
plant,  buckwheat,  and  not  with  plants  of  the  leguminous  family,  which  are  reputed 
to  be  “  nitrogen  collectors.” 

To  show  the  practical  importance  of  the  fixation  of  free  nitrogen,  M.  Joulie 
calculates  what  would  be  the  gain  per  hectare  according  to  some  of  his  results.  It 
may  be  confidently  affirmed,  however,  that  such  gains  as  he  so  estimates,  do  not  take 
place,  either  with  or  without  vegetation,  in  ordinary  soils,  in  ordinary  practice. 

Dr.  B.  E.  Dietzell  made  vegetation  experiments,  in  which  plants  were  watered 
with  distilled  water,  the  drainage  was  returned  to  the  soils,  and  the  pots  and  their 
contents  were  exposed  to  free  air,  but  protected  by  a  linen  roof;  a  rich  garden  soil, 
containing  0’415  per  cent,  of  nitrogen,  was  used,  several  different  conditions  as  to 
manuring  were  adopted,  and  peas  and  clover  were  the  subjects  of  experiment.  Thus 
the  plants  were  of  the  leguminous  family  ;  but  notwithstanding  this,  there  was,  in 
no  case,  a  gain  of  nitrogen.  In  one  there  was  neither  gain  nor  loss,  and  in  all  the 
others  there  was  a  loss,  in  some  cases  amounting  to  about  15  per  cent,  of  the  total 
nitrogen  involved. 

That  there  should  be  loss  with  a  soil  containing  0‘415  per  cent,  of  nitrogen,  that 
is  about  three  times  as  much  as  most  ordinary  arable  soils,  is  not  at  all  surprising ;  and 
it  is  seen  that,  neither  from  the  combined  nitrogen  of  the  atmosphere,  or  that  due  to 
other  accidental  sources,  nor  from  free  nitrogen,  either  directly  or  indirectly,  did  these 
reputed  “nitrogen-collectors”  gain  nitrogen  to  compensate  the  losses  from  the  rich 
soil.  Indeed,  Dr.  Dietzell’s  results  are  quite  accordant  with  well  established  facts. 

Professor  Frank  also  made  vegetation  experiments  in  free  air.  His  soil  was  a 
humus-sand,  containing  only  0'0957  per  cent,  nitrogen;  distilled  water  was  used  for 
watering,  and  the  vessels  were  deep  and  narrow  cylinders,  without  any  arrangement 
at  the  bottom  for  drainage,  or  for  aeration.*  In  three  experiments  without  a  plant, 
in  one  with  two  lupins,  and  in  one  with  one  lupin  and  incarnate  clover  together, 

*  See  foot-note  at  p.  61. 
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there  was  a  loss  of  nitrogen ;  whilst  in  one  with  three  lupins,  and  in  one  with  one 
lupin  there  was  a  gain.  Frank  considered  it  probable  that  where  a  loss  was 
indicated  with  vegetation,  there  had  nevertheless  been  a  gain,  but  not  enough  to 
compensate  the  loss. 

In  another  experiment,  with  a  soil  about  12  times  as  rich  in  nitrogen,  and  many 
times  richer  than  ordinary  arable  soils,  he  found  a  loss,  due  mainly  to  evolution  of 
free  nitrogen  ;  and  referring  to  this  result,  he  says  that  if  such  losses  take  place 
in  ordinary  agriculture  there  must  be  natural  compensation. 

In  the  experiments  in  the  deep  and  narrow  vessels,  without  drainage,  and  without 
plants  to  cause  evaporation,  movement,  and  aeration,  loss  by  evolution  of  free 
nitrogen  is  only  what  would  be  expected.  Such  loss  would  also  be  expected  in  the 
two  cases  of  loss  with  growth,  in  both  of  which  there  was  admittedly  decomposing 
organic  matter.  It  was  also  to  be  expected  in  the  very  rich  soil.  But  it  is  doubtful 
whether,  in  the  two  cases  of  gain  with  growth,  and  therefore  movement  within  the 
soil,  and  aeration  of  it,  there  would  be  any  loss.  In  none  of  the  experiments  with 
loss,  however,  were  the  conditions  comparable  with  those  of  ordinary  soils,  under 
ordinary  treatment,  and  the  losses  found  cannot  be  taken  as  any  indication  of  what 
takes  place  in  ordinary  practice.  It  is  probable  that  in  such  practice  the  loss  by 
evolution  of  free  nitrogen  is  much  less  than  is  generally  assumed  in  discussions  of 
this  subject.  Doubtless  there  is,  however,  frequently  considerable  loss  by  the 
drainage  of  nitrates. 

Frank  considers  that,  independently  of  direct  evidence  against  the  supposition  that 
the  gains  were  due  to  the  absorption  of  combined  nitrogen  from  the  atmosphere,  an 
objection  to  such  a  view  is  that  it  would  not  explain  the  circulation  of  nitrogen 
in  nature ;  and  his  main  conclusion  is,  that  there  are  two  actions  going  on  within  the 
soil,  one  liberating  nitrogen,  and  the  other  bringing  it  into  combination,  the  latter 
favoured  by  vegetation. 

Upon  the  whole  it  would  seem  that  the  losses  found  by  Frank  may  be  explained 
by  the  special  conditions  of  the  experiments  themselves  ;  whilst  the  gains,  if  not  to 
be  accounted  for  by  sources  of  error  incidental  to  experiments  made  in  free  air,  can 
only  be  explained  by  fixation  in  some  way. 

The  most  remarkable  of  the  residts  indicating  the  fixation  of  free  nitrogen 
are  those  of  Professor  Hellriegel  and  Dr.  Wilfarth.  Hellriegel  found  that 
whilst  plants  of  the  gramineous,  chenopodiaceous,  polygonous,  and  cruciferous  families 
required  combined  nitrogen  to  be  supplied  within  the  soil,  papilionaceous  plants  did 
not  depend  on  such  soil-supplies. 

Peas  sometimes  grew  luxuriantly  in  washed  sand  with  nutritive  solutions  free  from 
nitrogen,  but  sometimes  failed,  root-nodules  being  developed  coincidently  with 
luxuriance,  but  not  without  it.  But  when  to  the  non-nitrogenous  sandy  matrix  a 
few  c.c.  of  the  watery  extract  of  a  rich  soil  were  added,  the  luxuriance  was  always 
marked,  as  also  was  the  development  of  the  root-nodules.  Lupins,  however,  failed 
when  treated  in  the  same  way,  but  succeeded  when  seeded  by  a  watery  extract  of  a 
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sandy  soil  where  lupins  were  growing  well,  and  root-nodules  were  then  abundantly 
produced. 

The  amounts  of  produce  recorded  seemed  to  leave  no  doubt  that  they  contained 
much  more  nitrogen  than  was  supplied  in  the  seed  ;  whilst  the  amount  added  in  the 
soil-extract  was  quite  immaterial.  The  negative  result  with  Graminese,  with  peas 
under  sterilised  conditions,  or  in  sand  not  seeded  with  rich  soil-extract,  and  with 
lupins  in  sand  not  seeded,  or  seeded  with  the  rich  soil-extract,  and,  on  the  other 
hand,  the  positive  result  with  peas  in  the  seeded  sand,  and  with  lupins  when  the  sand 
was  seeded  with  an  extract  from  a  suitable  soil,  seemed  to  exclude  the  supposition  of 
any  other  source  of  gain  than  the  fixation  of  free  nitrogen  under  the  influence  of 
micro-organisms  ;  and  at  first  Hellriegel  was  disposed  to  connect  the  action  with 
the  root-nodules  and  their  contents. 

WiLFARTH  gave  the  results  of  a  subsequent  season’s  experiments,  which  fully 
confirmed  those  recorded  by  Hellriegel,  both  as  to  the  negative  result  with  other 
plants,  and  to  the  positive  result  with  Papilionaceee.  Peas  grew  luxuriantly  when 
the  nitrogen-free  soil  was  seeded  with  the  watery  extract  from  any  cultivated  soil, 
but  serradella  and  lupins  only  when  seeded  with  an  extract  from  soil  where  these 
plants  were  growing. 

In  four  experiments  with  lupins  nearly  50  times  as  much  dry  substance  was 
produced,  and  nearly  100  times  as  much  nitrogen  was  assimilated,  with,  as  without, 
seeding  with  the  soil- extract  ! 

WiLFARTH  concluded  that  the  Papilionacese  can  derive  the  whole  of  their  nitrogen 
from  the  ah*,  but  that  it  is  doubtful  whether  the  root-nodules  are  connected  with  the 
fixation,  though  the  results  point  to  the  agency  of  bacteria  in  some  way. 

In  reference  to  these  results,  whilst  it  can  hardly  be  said  that  there  is  any  unsolved 
problem  in  regard  to  the  source  of  the  nitrogen  of  other  than  our  leguminous  crops, 
it  must  be  admitted  that  in  spite  of  all  the  investigations  and  discussions  of  the  last 
50  years,  the  source  of  the  whole  of  the  nitrogen  of  these  crops  has  not  been  satis¬ 
factorily  explained  by  results  obtained  on  the  lines  of  inquiry  until  recently  adopted. 
Evidence  obtained  on  new  lines  should  therefore  receive  careful  consideration  ;  and 
there  can  be  no  doubt  that  in  recent  years  cumulative  evidence  has  been  adduced 
indicating  that  certain  chlorophyllous  plants  may  avail  themselves  of  nitrogen  brought 
into  combination  under  the  influence  of  lower  organisms ;  the  development  and  action 
of  which  would  seem  in  some  cases  to  be  a  coincident  of  the  growth  of  the  higher 
plants  to  be  benefited.  But  such  a  conclusion  is  of  such  fundamental  importance 
that  further  confirmation  must  yet  be  demanded  before  it  can  be  corsidered  to  be 
fully  established. 

So  long  ago  as  1853,  Professor  Emil  von  Wolff  obtained  6  times  as  much  dry 
produce  of  clover,  grown  in  an  ignited  rich  meadow  soil,  as  in  the  same  soil  in  its 
natural  state.  Thus,  the  increased  growth,  and  the  increased  assimilation  of  nitrogen, 
took  place  in  a  soil  not  only  nitrogen-free,  but  sterilised  ;  so  that,  unless  micro- 
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organisms  were  acquired  during  growth,  the  supposition  of  their  influence  in  fixing 
free  nitroofen  would  be  excluded. 

Much  more  recently  Wolff  has  made  numerous  experiments  with  oats,  potatoes, 
and  various  Papilionacese,  in  river- sand ;  in  some  cases  unwashed,  and  in  some  washed; 
in  some  without  manure,  in  some  with  purely  mineral  manure,  and  in  some  with 
nitrate  in  addition.  Accordantly  with  common  experience,  there  was  little  increase 
in  the  oats  or  potatoes  with  mineral,  but  much  with  nitrogenous  manure  ;  and,  on  the 
other  hand,  with  the  Papilionacem  there  was  very  marked  increase  with  the  mineral 
manure,  and  but  little  more  by  adding  nitrate.  In  the  experiments  with  lupins, 
beans,  and  clover,  in  unwashed  sand,  the  results  indicated  gain  of  nitrogen  beyond 
that  probably  due  to  the  nitrogenous  impurity  in  the  sand  ;  but  with  sand-peas, 
grown  in  washed  sand,  which  was  assumed  to  be  nitrogen-free,  the  gains  from  some 
external  source  were  unmistakable. 

As  to  the  explanation,  Wolff  does  not  suppose  that  free  nitrogen  is  fixed  by  the 
plants  themselves ;  nor  does  he  favour  the  view  that  it  was  fixed  by  the  agency  of 
micro-organisms.  The  plants  may  take  up  combined  nitrogen  from  the  air  by  their 
leaves  ;  but  he  thinks  it  more  probable  that  combined  nitrogen  is  absorbed  from  the 
air  by  the  soil,  and  that  free  nitrogen  is  fixed  within  the  soil  under  the  influence  of 
porous  and  alkaline  bodies.  He  admits  that  it  is  not  explained  why  cereals  do  not 
benefit  by  these  actions  as  well  as  Papilionacese  ;  and  he  suggests  whether  the  greater 
evaporation  from  their  leaves  causes  greater  aeration  of  the  soil. 

Here,  then,  the  gain  of  nitrogen  by  the  Leguminosae  is  explained  in  a  very  different 
manner  from  that  assumed  by  other  recent  experimenters.  It  seems  to  us,  however, 
that  the  undoubted  fact  that  the  Gramineae,  and  other  plants  than  the  Papilionaceae, 
do  not  benefit  by  the  actions  supposed,  excludes  the  supposition  that  Wolff’s  results 
with  Papilionaceae  are  to  be  so  explained.  It  is  true  that  neither  in  the  growth  of  the 
clover  in  ignited  soil,  nor  in  that  of  the  sand-peas  in  the  washed  sand,  were  the 
conditions  such  as  would  seem  favourable  for  the  presence,  development,  and  agency 
of  micro-organisms.  But  if,  in  the  experiments  in  free  air,  there  was  no  accidental 
source  of  combined  nitrogen,  it  would  seem  that  the  influence  of  micro-organisms  is  at 
least  as  probable  as  that  of  the  actions  which  Wolff  supposes. 

Professor  Atwater  made  numerous  experiments,  both  on  the  germination  and  on 
the  growth  of  peas.  In  eleven  out  of  thirteen  experiments  on  germination  more  or 
less  loss  of  nitrogen  was  observed.  In  all  but  one  out  of  fifteen  experiments  on 
vegetation,  there  was  a  gain  of  nitrogen,  which  was  very  variable  in  amount,  and 
sometimes  very  large.  As  a  general  conclusion,  he  states  that  in  some  of  the  experi¬ 
ments  half  or  more  of  the  total  nitrogen  of  the  plants  was  acquired  from  the  air. 

He  considers  that  germination  without  loss  of  nitrogen  is  the  normal  process ;  that 
loss,  whether  during  germination  or  growth,  is  due  to  decay,  and  therefore  only 
accessory.  Nevertheless,  he  goes  into  calculations  of  some  of  his  own  results, 
showing,  by  the  side  of  the  actual  gains,  the  greater  gains  supposing  there  had  been 
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a  loss  of  15  per  cent,  of  nitrogen,  and  the  still  greater  gains  if  there  had  been  a  loss 
of  45  per  cent.,  as  in  an  experiment  by  Boussingault  under  special  conditions. 
Further,  he  says  that  whilst  actually  observed  gains  are  proof  of  the  acquisition  of 
nitrogen,  the  failure  to  show  gain  only  proves  non-fixation,  if  it  he  proved  that  there 
was  no  liberation.  He  suggests  that  the  negative  results  obtained  by  Boussingault 
and  at  Bothainsted  may  be  accounted  for  by  liberation  ;  though  at  the  same  time  he 
recognises  that  the  conditions  of  the  experiments  excluded  the  action  of  either 
electricity  or  microbes.  We  may  remark  that,  in  the  experiments  both  of  Boussin¬ 
gault  and  at  Bothamsted,  any  cases  of  decay  were  carefully  observed,  and  the  losses 
found  explained  accordingly ;  and  it  may  be  confidently  asserted  that  the  conclusions 
drawn  were  not  vitiated  by  any  such  loss.  This  specious  objection,  putting  out  of 
court  all  negative  results,  is,  however,  a  very  old  one ;  as  also  is  the  one  resuscitated 
by  Atwater,  that  luxuriance  must  be  forced  to  a  certain  degree  to  favour  the  fixation 
of  free  nitrogen.  On  this  point  we  may  state  that  the  results  obtained  at  Bothamsted 
were  as  distinctly  negative  when  luxuriance  was  favoured  by  supplies  of  combined 
nitrogen  as  when  it  was  not. 

Atwater  concludes  that  his  results  do  not  settle  whether  the  nitrogen  gained  was 
acquired  as  free  or  combined  nitrogen,  by  the  foliage,  or  by  the  soil.  He  considers, 
however,  that,  in  his  experiments,  the  conditions  were  not  favourable  for  the  action 
either  of  electricity  or  of  micro-organisms ;  and  he  favours  the  assumption  that  the 
plants  themselves  were  the  agents.  Lastly,  he  considers  the  fact  of  the  acquisition  of 
free  nitrogen  in  some  way  to  be  well  established ;  and  that  thus  facts  of  vegetable 
production  are  explained,  which  otherwise  remain  unexplained.  To  this,  and  other 
points  involved,  we  shall  refer  again  in  our  concluding  remarks. 

Lastly,  we  have  to  summarise  those  of  the  results  and  conclusions  of  Boussingault 
which  bear  upon  the  present  aspect  of  the  question  of  the  sources  of  the  nitrogen  of 
vegetation.  In  his  earlier  experiments,  as  in  those  at  Bothamsted,  sterilised  materials 
had  been  used  as  soils  ;  but  in  1858  he  commenced  a  series  in  which  more  or  less  of  a 
rich  garden  soil  was  mixed  with  sand  and  quartz.  In  some  cases  the  plants  were 
grown  in  free  air,  and  rn  others  in  closed  vessels  with  confined  air.  In  several  cases 
there  was  more  or  less  gain  of  nitrogen ;  but  the  greatest  gain  was  in  an  experiment 
with  a  lupin  grown  in  a  closed  vessel.  Boussingault  points  out  that  it  was  the  soil 
and  not  the  plant  that  had  fixed  the  nitrogen.  The  result  was  so  marked  that  he 
repeated  the  experiment  in  1859,  when  he  obtained  almost  identically  the  same  amount 
of  gain  as  in  1858.  He  also  put  120  grams  of  the  rich  soil  into  a  shallow  dish, 
moistened  it  with  distilled  water,  and  exposed  it  to  the  air  as  an  experiment  on  fallow. 
The  results  showed  a  small  gain  of  nitrogen. 

Boussingault  further  found  that  mycodermic  vegetation  went  on  in  rich  soil,  and 
he  considered  the  gains  of  organic  nitrogen  represented  the  remains  of  such  vegeta¬ 
tion  ;  whilst  the  fallow  experiment  indicated  that  the  experimental  plants  had  little 
to  do  with  the  action.  His  general  conclusion  was,  that  from  the  numerical  results 
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it  must  be  believed  that  the  soil  had  fixed  nitrogen ;  and  he  considered  that,  if  there 
were  not  absolute  proof,  there  was  strong  presumption,  that  the  nitrogen  of  the  air 
takes  part  in  nitrification. 

In  the  next  year,  1860,  he  put  into  one  large  glass  balloon  a  mixture  of  rich  soil 
and  sand,  and  into  another  a  similar  mixture  with  cellulose  in  addition ;  each  was 
moistened  with  distilled  water,  and  the  vessels  were  then  closed  up  for  11  years. 
During  this  period,  without  cellulose  rather  more,  and  with  cellulose  rather  less,  than 
one-third  of  the  nitrogen  of  the  soil  was  nitrified ;  but  in  neither  case  was  there  any 
gain  of  total  combined  nitrogen.  There  was,  indeed,  in  both  cases,  a  slight  loss  of 
nitrogen  indicated.  Boussingault  concluded  that  free  nitrogen  had  not  contributed 
to  the  formation  of  nitric  acid.* 

The  later  results  of  Boussingault  did  not  therefore  confirm  those  he  obtained  in 
1858  and  1859  ;  and  in  answer  to  one  of  ourselves  he  wrote  in  1876,  that  he  was  not 
aware  of  any  irreproachable  observation  which  established  the  reality  of  the  fixation  of 
free  nitrogen  by  the  soil.  He  further  stated  his  belief  that  neither  the  higher  plants, 
nor  mycoderms,  nor  fungi  {champignons),  fix  free  nitrogen.  He  also  maintained  the 
same  view  in  conversation  in  1883. 

Boussing^ult’s  very  distinct  final  conclusion  against  the  supposition  of  the  fixation 
of  free  nitrogen  within  the  soil,  by  the  agency  of  the  lower  organisms,  notwithstanding 
his  own  clear  recognition  in  1858  and  1859  of  the  possibility  of  such  an  action,  points 
to  the  necessity  for  still  further  confirmation  of  the  evidence  of  others  on  the  point 
during  the  last  few  years ;  for  it  will  be  remembered  that  whatever  other  sources  of 
error  were  possible,  the  experiments  in  question  were  made  in  closed  vessels,  and  not 
in  free  air,  with  all  the  risks  incident  to  experiments  so  conducted ;  and  if  there  may 
have  been  error  with  such  an  experimenter,  and  under  such  conditions,  caution  should 
surely  be  exercised  in  accepting  very  important  conclusions  founded  on  results  obtained 
for  the  most  part  under  less  favourable  conditions. 

3,  General  Considerations  and  Conclusions. 

So  much  for  the  evidence  of  direct  experiment  as  to  whether  the  higher  plants,  or 
Soils,  by  the  agency  either  of  micro-organisms  or  otherwise,  fix  the  free  nitrogen  of  the 
atmosphere.  It  is  clear  that  since  experimenting  in  free  air  instead  of  in  closed 
vessels  has  become  more  general,  there  has  been  a  great  accumulation  of  evidence 
which  is  held  to  show  the  fixation  of  free  nitrogen.  But  not  only  are  the  gains  in 

*  Quite  recently  (‘  Compt.  Rend.,’  vol.  106,  1888,  pp.  805  and  898)  M.  Schlcesing  referring 
to  these  results  says  that  for  his  part  he  was  satisfied  with  this  result  of  Boussingault,  and  should  not 
have  entered  upon  new  experiments,  had  not  the  question  been  recently  taken  up  and  answered  in  a 
contrary  sense.  He  then  gives  the  results  of  experiments  in  which  he  submitted  various  soils  to  the 
action  of  air  in  closed  vessels,  supplying  oxygen  as  it  was  used  up.  The  result  was  that  the  air  of  the 
vessels  neither  lost  nor  gained  nitrogen.  There  was  therefore  uo  fixation. 
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some  cases  small,  and  in  others  very  large,  but  the  modes  of  explanation  are  so 
different,  indeed  so  conflicting,  that  it  seems  essential  to  hold  final  judgment  in 
abeyance  for  the  present. 

The  various  modes  of  explanation  of  the  observed  gains  of  nitrogen  are : — that 
combined  nitrogen  has  been  absorbed  from  the  air,  either  by  the  soil  or  by  the  plant ; 
that  there  is  fixation  of  free  nitrogen  within  the  soil  by  the  agency  of  porous  and 
alkaline  bodies ;  that  there  is  fixation  by  the  plant  itself ;  that  there  is  fixation  within 
the  soil  by  the  agency  of  electricity ;  and  finally  that  there  is  fixation  under  the 
influence  of  micro-organisms  within  the  soil.  The  balance  of  the  evidence  recorded,  is 
undoubtedly  in  favour  of  the  last-mentioned  mode  of  explanation.  Indeed,  it  seems 
to  us  that,  if  there  be  not  experimental  error,  there  is  fixation  within  the  soil,  under 
the  influence  of  micro-organisms,  or  other  low  forms. 

Assuming  that  definite  decision  on  the  point  must  wait  for  further  evidence  and 
discussion,  it  will  nevertheless  be  well,  in  the  meantime,  to  consider  the  facts  of 
agricultural  production  in  their  bearing  on  the  question,  with  a  view  of  forming  a 
judgment  as  to  how  far  the  establishment  of  the  reality  of  the  fixation  of  free  nitrogen, 
either  by  the  plant  or  by  the  soil,  is  so  essential  for  the  solution  of  the  problems  which 
such  production  presents,  as  is  by  some  supposed. 

It  has  been  seen  that  much  of  the  investigation  that  has  been  undertaken  in  recent 
years,  has  been  instigated  by  the  assumption  that  there  must  exist  natural  compensa¬ 
tion  for  the  losses  of  combined  nitrogen  which  the  soil  suffers  by  the  removal  of  crops, 
and  for  the  losses  which  result  from  the  liberation  of  free  nitrogen  from  its  combina¬ 
tions  under  various  circumstances.  In  some  cases,  however,  the  object  seems  to  have 
been  for  the  most  part  limited  to  an  attempt  to  solve  the  admitted  difficulty  as  to  the 
explanation  of  the  source  of  the  whole  of  the  nitrogen  of  the  Leguminosse. 

As  to  the  losses  which  the  soil  sustains  by  the  removal  of  crops,  Berthelot  for 
example  assumes  that  50  to  60  kilog.  of  nitrogen  will  be  annually  removed  from  a 
hectare  of  meadow  (=  45  to  54  lbs.  per  acre),  and  that  as  only  10  kilog.,  or  less,  of 
this  will  be  restored  as  combined  nitrogen  in  rain,  &c.,  there  will  be  an  annual  loss  of 
from  40  to  50  kilog.  per  hectare  (=  36  to  45  lbs.  per  acre) ;  so  that,  if  there  were  not 
compensation  from  the  free  nitrogen  of  the  air,  the  soil  would  become  gradually 
exhausted.  Further,  he  considers  that  the  fact  of  the  fixation  of  free  nitrogen,  not 
only  explains  how  fertility  is  maintained,  but  how  argillaceous  soils  which  are  sterile 
when  first  brought  into  contact  with  the  air,  gradually  yield  better  crops,  and  at 
length  become  vegetable  moulds.  Frank  again,  assumes  that  the  average  loss  of 
nitrogen  by  the  removal  of  crops  is  51  kilog.  per  hectare  (=45  lbs.  per  acre). 

It  is  quite  true,  that  a  good  hay  crop  may  contain  as  much  as  50  to  60  kilog.  of 
nitrogen  per  hectare,  but  it  may  safely  be  affirmed  that,  in  ordinary  practice,  even  in 
the  case  of  an  unusually  fertile  meadow,  such  an  amount  is  not  annually  removed  for  a 
number  of  years  in  succession,  without  the  periodical  return  of  manure  supplying 
nitrogen ;  whilst,  taking  the  average  of  soils,  the  annual  yield  will  not  reach  the 
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amount  supposed,  even  with  the  ordinary  periodic  return,  and  without  such  return 
gradual  exhaustion  would  be  very  marked.  Indeed,  it  is  well  known  that  there  is  no 
more  exhausting  practice  than  the  annual  removal  of  hay  without  return  of  manure ; 
so  that,  in  point  of  fact,  restoration  in  anything  like  the  degree  supposed  certainly 
does  not  take  place.  Next  to  the  removal  of  ha}^  the  consumption  of  grass  for  the 
production  of  milk  is  the  most,  but  still  very  much  less,  nitrogen-exhausting ;  whilst 
if  the  grass  be  consumed  by  store  or  fattening  animals,  the  loss  is  very  much  less  still ; 
indeed  it  is  very  small. 

Obviously,  however,  it  is  more  important  to  consider,  what  is  the  probable  average 
loss  of  nitrogen  over  a  given  area  by  the  removal  of  crops  generally,  and  not  by  that 
of  grass  alone.  Moreover,  in  making  such  an  estimate  it  is  not  the  total  nitrogen  of 
the  crops  that  has  to  be  reckoned;  but,  taking  into  account  the  return  by  manure,  only 
tire  amount  eventually  lost  to  the  soil.  With  the  great  variation  according  to  circum¬ 
stances,  it  is  of  course  very  difficult  to  estimate  this  at  all  accurately ;  but  we  may 
state  that  two  independent  modes  of  estimate  lead  to  the  conclusion  that,  for  Great 
Britain  for  example,  the  average  annual  loss  of  nitrogen  is  more  probably  under  than 
over  20  lbs.  per  acre  (=  22*4  kilog.  per  hectare).  In  fact,  the  loss  by  cropping,  under 
the  usual  conditions  of  more  or  less  full  periodical  return  by  manure,  is  by  no  means 
so  great  as  is  generally  assumed  in  discussions  of  this  subject. 

The  loss  of  nitrates  by  drainage  may,  however,  in  some  cases  be  considerable. 
There  may  also,  under  some  circumstances,  be  loss  from  the  soil  by  the  evolution  of 
free  nitrogen.  Such  loss  may  take  place  in  the  manure  heap,  or  in  soils  very  heavily 
manured,  as  in  market  gardening,  for  example.  But  in  ordinary  agriculture  such 
excessive  manuring  seldom  takes  place ;  and  the  soil  is  generally  much  poorer  in 
nitrogen  than  in  the  cases  of  the  experiments  which  have  been  quoted  as  showing 
great  loss  from  rich  soils.  Loss  may  also  take  place  when  the  soil  is  deficiently 
aerated  ;  but  here  again  the  conditions  of  the  experiments  cited,  in  which  considerable 
loss  by  evolution  of  free  nitrogen  was  observed,  are  not  the  usual  conditions  of  soils 
in  actual  practice.  Indeed,  the  balance  of  evidence  is  against  the  supposition  that 
there  is  a  constant  and  considerable  loss  by  the  evolution  of  free  nitrogen  from  arable 
soils  which  are  only  moderately  rich  in  organic  nitrogen,  and  which  are  fairly  drained, 
either  naturally  or  artificially.  Some  illustrations  bearing  upon  this  point  will  be 
found  at  pages  62-3. 

Again,  M.  Berthelot  thinks  it  probable,  though  not  absolutely  established,  that 
there  is  loss  of  nitrogen  from  the  plant  itself  during  growth.  Long  ago,  we  ourselves 
supposed  that  there  was  such  loss ;  but  careful  consideration  of  the  evidence  relating 
to  the  subject  has  led  us  to  conclude  that  it  is  not  proved,  and  to  believe  that  it 
probably  does  not  take  place.  It  may  be  observed  that  when  in  his  vegetation 
experiments  M.  Boussingault  found  a  loss  of  nitrogen,  there  was  coincidently  some 
decaying  vegetable  matter,  such  as  fallen  leaves  ;  and  in  somewhat  parallel  experiments 
at  Rothamsted,  no  loss  of  nitrogen  was  found  as  a  coincident  of  growth,  and  in  the 
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absence  of  dead  vegetable  matter.  Indeed,  if  there  were  such  loss  during  growth 
when  there  was  no  decay,  either  in  M.  Boussingault’s  experiments  or  in  our  own,  it 
must  have  been  almost  exactly  balanced  by  corresponding  gain ;  an  assumption  which 
is  without  any  proof,  but  which  has  nevertheless  had  its  advocates. 

In  fact  we  conclude,  that  under  the  existing  conditions  of  practical  agriculture 
in  temperate  climates,  the  annual  loss  of  combined  nitrogen  over  a  given  area,  by 
cropping  and  otherwise,  is  by  no  means  so  great  as  has  been  assumed  ;  that  the 
restoration  requmed  to  compensate  the  loss  is  therefore  correspondingly  less ;  and 
further,  that  the  known  facts  relating  to  the  maintenance  or  the  reduction  of  the 
fertility  of  soils,  do  not  point  to  the  conclusion  that  such  loss  as  actually  does  take 
place,  is  compensated  by  such  restoration. 

The  well-known  accumulation  of  nitrogen  which  takes  place  in  the  surface  soil 
within  a  few  years,  when  arable  land  is  laid  down  to  grass,  is,  it  may  be  admitted,  not 
conclusively  explained.  At  the  same  time,  there  is,  to  say  the  least,  quite  as  much 
evidence  in  favour  of  the  assumption  of  a  subsoil,  as  of  an  atmospheric,  source.  At 
Bothamsted,  for  example,  there  is,  in  soil  and  subsoil,  to  the  depth  at  which  the 
action  of  some  deep-rooted  and  large  nitrogen-accumulating  plants  has  been  proved, 
a  store  of  about  20,000  lbs.  of  already  combined  nitrogen  per  acre.  It  is  true  that 
whilst  many  other  soils  and  subsoils  will  contain  as  much,  or  more,  many  ^vill  contain 
much  less.  Still,  if  further  investigation  should  confirm  the  indications  given  in  this 
and  former  papers,  that  in  the  case  of  the  deep  and  strong  rooting,  and  high  nitrogen- 
yielding,  Leguminosse,  much  at  any  rate  of  their  nitrogen  probably  has  its  source  in 
the  combined  nitrogen  of  the  subsoil,  and  that  the  accumulation  in  the  surface  soil  is 
due  to  nitrogenous  crop-residue,  the  nitrogen  of  which  has  come  from  the  subsoil,  it 
is  obvious  that  a  like  explanation  would  be  applicable  to  the  accumulation  which  takes 
place  when  arable  land  is  laid  down  to  grass,  including  herbage  of  various  root-ranges, 
and  various  habits  of  root-collection. 

Then,  again,  as  to  the  supposition  that  the  gains  of  nitrogen  in  argillaceous  matters 
of  very  low  initial  nitrogen  contents,  which  gains  are  attributed  to  the  fixation  of  free 
nitrogen,  serve  to  explain  the  gradual  formation  of  vegetable  soils,  there  cannot  be 
any  doubt  that,  so  far  as  nitrogen  is  concerned,  the  natural  fertility  of  most  soils  is 
due  to  the  accuniulation  of  ages  of  natural  vegetation  with  little  or  no  removal  of 
it,  by  animals  or  otherwise.  If  the  amounts  of  nitrogen  even  now  brought  into 
combination  over  a  given  area  under  the  influence  of  electricity  in  Equatorial  regions, 
were  not  exceeded  in  the  earlier  periods  of  the  history  of  our  globe,  that  would  be 
quite  sufficient,  with  growth  and  with  little  or  no  removal,  through  the  ages  which 
modern  science  teaches  us  to  reckon  upon,  for  the  ascertained  accumulations  in  natural 
prairie,  or  forest  lands ;  and  it  is  these  which  have  to  a  great  extent  furnished  us  with 
our  meadows  and  pastures,  and  arable  soils.  Frequently  the  natural  forests  have  been 
on  the  more  elevated,  or  the  more  undulating  lands,  and  the  soils  they  have  formed 
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are  less  rich  than  the  prairie  lands,  for  the  most  part  found  in  the  valleys  or  on  the 
plains.  Taking  the  vast  areas  of  fertile  natural  prairie  on  the  American  continent,  for 
example,  sometimes  of  several  feet  in  depth,  it  may  be  estimated  that,  m  such  cases, 
each  foot  of  depth  will  contain  from  6000  to  10,000  lbs.,  or  even  more,  of  combined 
nitrogen  per  acre  (=  6720  to  11,200  kilog.  per  hectare);  and  the  probable  time  of 
these  accumulations  entirely  obviates  the  necessity  of  calling  in  the  aid  of  the  free 
nitrogen  of  the  atmosphere,  brought  into  combination  either  under  the  influence  of 
the  plants  themselves  or  of  micro-organisms  within  the  soil. 

Further,  the  history  of  agriculture  so  far  as  it  is  known,  indicates  that  soils  under 
cultivation  without  supplies  by  manure  from  external  sources,  do,  as  a  matter  of 
fact,  gradually  become  less  fertile.  This,  as  a  rule,  will  take  place  more  rapidly 
in  undulating  or  high  forest  lands,  than  in  the  natural  grass  or  prairie  lands  of 
the  plains. 

Again,  if  we  compare  the  amount  of  nitrogen  in  the  surface  soil  of  permanent  grass 
land,  with  that  of  adjoining  land  of  the  same  original  character,  but  which  has  for 
some  tune  been  under  arable  culture,  we  find  that  the  latter  is  much  poorer  in 
nitrogen.  In  illustration,  it  may  be  stated  that  whilst  the  surface  soil  of  the  grass 
land  at  Rothamsted  contains  from  0'25  to  0’30  per  cent,  of  nitrogen,  that  of  the 
correspouding  arable  land  only  contains  from  OT  to  0T5  per  cent.  The  arable  soil 
has,  in  fact,  originally  been  covered  with  natural  vegetation  of  some  kind,  with 
comparatively  little  removal,  and  consequent  accumulation ;  whilst,  under  arable 
culture,  much  of  the  accumulated  nitrogen  has  been  used  up,  and  the  loss  has  not 
been  compensated  by  free  nitrogen  brought  into  combination,  under  the  influence 
either  of  electricity,  or  of  organisms  within  the  soil.  Whether  or  not  there  is  any 
restoration  of  the  kind  supposed,  we  believe  that  a  consideration  of  the  origin  of  soils 
generally,  and  of  the  history  of  agriculture  in  different  countries,  will  lead  to  the 
conclusion  that  the  losses  of  combined  nitrogen  by  cropping,  and  in  other  ways,  are 
not  compensated  by  corresponding  amounts  of  free  nitrogen  constantly  brought  into 
combination. 

The  Rothamsted  field  experiments  have  indeed  now  been  continued  long  enough  to 
afford  some  pertinent  examples  bearing  upon  this  subject. 

Thus,  in  the  case  of  the  fields  under  continuous  wheat,  continuous  barley,  alternate 
wheat  and  fallow,  and  continuous  root-crops,  the  average  annual  yield  of  nitrogen  in 
the  crops  with  mineral,  but  without  nitrogenous  manure,  has  only  been  about  or 
under  20  lbs.  per  acre  (=  22 '4  kilog.  per  hectare) ;  the  amount  has  declined  to  less 
than  the  average  in  the  later  years,  and,  coincidently  with  the  continuous  and 
diminishing  growth,  the  percentage  of  nitrogen  in  the  surface  soil  has  been 
considerably  reduced.  The  loss  by  the  removal  of  even  such  small  crops,  together 
with  that  by  drainage,  has,  therefore,  as  a  matter  of  fact,  not  been  compensated  by 
free  nitrogen  brought  into  combination,  either  by  the  plants,  or  within  the  soiJ. 


QUESTION  OF  THE  SOURCES  OF  THE  NITROGEN  OF  VEGETATION. 


105 


In  a  field  where  the  leguminous  crop,  beans,  had  been  grown  25  years  out  of  32, 
with  mineral  but  without  nitrogenous  manure,  and  had  yielded  less  than  average 
agricultural  crops,  the  percentage  of  nitrogen  in  the  surface  soil  w'as  also  greatly 
reduced. 

In  another  field,  where  the  leguminous  crop,  red-clover,  had  been  sown  12  times  in 
30  years,  the  clover  failed  many  times,  the  yield  of  nitrogen  in  the  crops  very  greatly 
diminished,  and  the  percentage  of  nitrogen  in  the  surface  soil  was  greatly  reduced. 

Again,  in  a  rich  garden  soil,  where  red  clover  has  been  grown  for  more  than  thirty 
consecutive  years,  and  has  yielded  throughout  good,  but  gradually  much  diminishing 
crops,  it  was  found,  after  the  first  22  years,  that  the  nitrogen  in  the  surface  soil  had 
been  reduced  from  0'5095  to  0'3634  per  cent.,  calculated  on  the  soil  dried  at  100°  G. 

Even  in  an  actual  course  of  rotation,  of  turnips,  barley,  clover  or  beans,  and  wheat, 
with  mineral,  but  without  nitrogenous  manure,  the  percentage  of  nitrogen  in  the 
surface  soil  has  been  much  reduced  ;  whilst  in  a  parallel  rotation  in  which  fallow 
takes  the  place  of  the  clover  or  beans,  the  reduction  is  still  greater. 

Thus,  in  all  the  cases  cited,  including  gramineous,  cruciferous,  chenopodiaceous,  and 
even  leguminous  crops,  and  a  rotation  of  crops,  when  each  has  been  grown  for  many 
years  in  succession  without  nitrogenous  manure,  and  has  yielded  comparatively  small 
and  declining  amounts  of  nitrogen  in  the  crops,  there  has,  coincidently,  been  a 
considerable  reduction  in  the  amount  of  nitrogen  in  the  surface  soil.  There  has,  in 
fact,  not  been  compensation  from  the  free  nitrogen  of  the  air,  or  at  any  rate  not  at  all 
in  amount  corresponding  to  the  annual  losses. 

Lastly,  grass  land  which,  under  the  influence  of  a  full  mineral  manure,  including 
potash,  but  without  any  supply  of  nitrogen  for  more  than  thirty  years,  has  grown 
crops  containing  large  amounts  of  comparatively  superficially  rooting  leguminous 
herbage,  succeeded  by  increased  amounts  of  gramineous  herbage,  bas,  under  those 
conditions,  yielded  about  the  same  amount  of  nitrogen  per  acre  as  M.  Berthelot 
assumes  to  be  the  average  produce  of  a  meadow ;  but  it  has  done  so  only  with 
coincident  great  reduction  in  the  nitrogen  of  the  surface  soil. 

Whether,  therefore,  we  consider  the  facts  of  agriculture  generally,  or  confine 
attention  to  special  cases  under  known  experimental  conditions,  the  evidence  does  not 
favour  the  supposition  that  a  balance  is  maintained  by  the  restoration  of  nitrogen 
from  the  large  store  of  it  existing  in  the  free  state  in  the  atmosphere.  Further,  our 
original  soil-supplies  of  nitrogen  are,  as  a  rule,  due  to  the  accumulations  by  natural 
vegetation,  wdth  little  or  no  removal,  over  long  periods  of  time  ;  or,  as  in  the  case  of 
many  deep  subsoils,  the  nitrogen  is  largely  due  to  vegetable  and  animal  remains, 
intermixed  with  the  mineral  deposits.  The  agricultural  production  of  the  present  age 
is,  in  fact,  so  far  as  its  nitrogen  is  concerned,  mainly  dependent  on  previous  accumula¬ 
tions  ;  and  as  in  the  case  of  the  use  of  coal  for  fuel  there  is  not  coincident  and  cor¬ 
responding  restoration,  so  in  that  of  the  use  or  waste  of  the  combined  nitrogen  of  the 
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soil,  there  is  nor  evidence  of  coincident  and  corresponding  restoration  of  nitrogen  from 
the  free  to  the  combined  state. 

In  the  case  of  agricultural  production  for  sale,  without  restoration  by  manure  from 
external  sources,  a  very  important  condition  of  the  maintenance  of  the  amount  of 
nitrogen  in  the  surface  soil,  or  of  the  diminished  exhaustion  of  it,  is  the  growth  of 
plants  of  various  range  and  character  of  roots,  and  especially  of  leguminous  crops. 
Such  plants,  by  their  crop-residue,  eniich  the  surface  soil  in  nitrogen.  It  is,  as  a  rale, 
those  of  the  most  powerful  root-development  that  take  up  the  most  nitrogen  from 
somewhere ;  and  this  fact  points  to  a  subsoil  source.  But  independently  of  this, 
which  obviously  might  be  held  to  be  only  evidence  of  the  necessity  of  obtaining  water 
and  mineral  matters  from  below,  in  amount  commensurate  with  the  capability  of 
acquiring  nitrogen  from  the  air,  the  experimental  results  recorded  in  this  paper  can 
leave  little  doubt  that  such  plants  obtain  at  any  rate  much  of  their  nitrogen  from  the 
subsoil.  The  question  remains — whether  or  not  the  whole  of  it  is  derived  from  the 
soil  and  subsoil  ?  At  present  it  is  not  proved  that  it  is.  It  is  equally  not  yet 
conclusively  proved  that  it  comes  from  the  atmosphere.  It  may  be  safely  affirmed 
that,  in  the  case  of  our  gramineous,  our  cruciferous,  our  chenopodiaceous,  and  our 
solaneous  crops,  atmospheric  nitrogen  is  not  the  source.  If,  therefore,  it  should  be 
proved  to  be  the  source  in  the  case  of  the  Leguminosse,  it  may  be  that  the  development 
of  the  organisms  capable  of  bringing  free  nitrogen  into  combination  within  the  soil  is 
favoured  by  leguminous  growth  and  crop-residue,  as  there  can  be  little  doubt  is  the 
case  with  those  which  induce  nitrification. 

Bearing  in  mind,  however,  the  very  large  store  of  already  existing  combined 
nitrogen,  especially  in  subsoils,  it  is  obviously  important  to  consider,  in  what  way,  or 
in  what  degree,  this  store  may  contribute  to  chlorophyllous  vegetation  ? 

There  is  in  the  first  place  the  question,  whether  the  roots  of  some  plants,  and 
especially  those  of  certain  deep  and  powerfully  rooting  Leguminosse,  whose  root-sap  is 
strongly  acid,  may  either  directly  take  up  organic  nitrogen  from  the  soil  and  subsoil, 
or  may  attack  and  liberate  it  for  further  change,  the  nitrogen  so  becoming  more 
available. 

Again,  so  far  as  is  known,  the  Fungi  generally,  derive  their  nitrogen  largely,  if  not 
exclusively,  from  organic  nitrogen.  In  the  case  of  those  of  fairy  rings  for  example, 
there  can  be  no  doubt  that  they  take  up  from  the  soil  organic  nitrogen  which  is  not 
available  to  the  meadow  plants,  and  that,  on  their  decay,  their  nitrogen  becomes 
available  to  the  associated  herbage.  In  the  case  of  the  fungus-mantle  observed  by 
Frank  on  the  roots  of  certain  trees,  it  is  to  be  supposed  that  the  fungus  takes  up 
organic  nitrogen,  and  so  becomes  the  medium  of  the  supply  of  the  soil-nitrogen  to  the 
tree.  More  pertinent  still,  is  the  action  of  the  nitrifying  organisms  in  rendering  the 
organic  nitrogen  of  the  soil  and  subsoil  available  to  the  higher  plants.  It  may  well  be 
supposed,  therefore,  that  there  may  be  other  cases  in  which  lower  organisms  bring  the 
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organic  nitrogen  of  the  soil  and  subsoil  into  a  more  available  condition  ;  whilst 

o  o 

it  seems  not  improbable  that  the  growth  and  crop-residue  of  certain  plants  favour  the 
development  and  action  of  special  organisms.  In  conclusion  we  would  submit  that, 
whether  or  not  it  may  eventually  be  conclusively  proved  that  lower  organisms  have 
the  power  of  bringing  free  nitrogen  into  combination  within  the  soil,  it  would  at  any 
rate  be  not  inconsistent  with  well  established  facts,  were  it  found  that  the  lower  serve 
the  higher,  chiefly,  if  not  exclusively,  by  bringing  into  a  condition  available  to  them, 
the  combined  nitrogen  already  existing,  but  in  a  comparatively  inert  state,  in  our  soils 
and  subsoils. 


Postscript. 

(Added  October,  1888.) 

As  it  seemed  to  us  that,  of  the  various  results  which  have  been  considered  relating 
to  the  fixation  of  free  nitrogen,  those  of  Hellriegel  and  Wilfarth  are  the  most 
definite  and  significant,  we  decided  to  institute  experiments  on  somewhat  similar 
lines.  We  hoped  to  commence  them  early  in  the  summer,  but  were  not  able  to  do  so 
until  the  beginning  of  August.  Decisive  results  cannot,  therefore,  be  expected  this 
season,  but  the  experience  gained  will  be  of  value  in  subsequent  experiments. 

This  preliminary  series  comprises  experiments  with  peas,  blue  lupins,  and  yellow 
lupins.  The  peas  are  grown  (1)  in  washed  sand,  with  the  necessary  mineral  nutri¬ 
ment  added,  but  with  no  supply  of  combined  nitrogen  beyond  a  small  determined 
amount  in  the  washed  sand,  and  that  in  the  seed  sown  ;  (2)  in  similarly  prepared 
sand,  but  seeded  with  the  extract  from  a  rich  garden  soil ;  (3)  in  the  rich  garden  soil 
itself  Each  description  of  lupin  is  also  grown — (l)  in  sand  prepared  as  for  the  peas  ; 
(2)  in  the  same  washed  sand,  seeded  with  the  extract  from  a  sandy  soil  where  lupins 
had  grown  luxuriantly  ;  (3)  in  the  lupin  sandy  soil  itself;  (4)  in  rich  garden  soil.  The 
pots  are  all  arranged  in  a  small  greenhouse. 

As  the  plants  are  still  growing,  no  quantitative  results  are  as  yet  available.  It  may 
be  observed,  however,  that,  so  far  as  can  be  judged  by  the  eye,  there  seems,  in  the 
case  of  the  peas,  to  be  somewhat  more  growth  where  the  sand  was  seeded  with  the 
soil-extract,  supposed  to  contain  oi’ganistns,  than  where  it  was  not ;  whilst  in  the 
cases  of  the  lupins  there  is  apparently  even  somewhat  less  growth  with  than  without 
the  sandy  soil-extract.  Both  with  the  peas  and  the  lupins,  the  growth  is  very  much 
more  luxuriant  in  the  garden  soil ;  and  in  the  case  of  the  yellow  lupins  it  is  almost  as 
luxuriant  in  the  sandy  soil  in  which  lupins  had  grown,  as  in  the  garden  soil.  These 
first  experiments  can  obviously  be  only  considered  as  initiative  ;  but  it  is  intended  to 
analyse  the  products  in  due  course,  and  to  undertake  a  new  series  earlier  in  the  season 
next  year. 
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II.  On  the  Secretion  of  Saliva,  chiefiu  on  the  Secretion  of  Salts  in  it. 

By  J.  N.  Langley,  M.A.,  F.R.S.,  Fellow  of  Trinity  College,  and  H.  M.  Fletchee, 

B.A.,  Trinitji  College,  Cambridge. 


Receirecl  August  17, — Rear!  November  15,  1888. 


Previous  Observations. 

The  earliest  observations  on  variations  in  percentage  of  salts  in  saliva  with  which  we 
are  acquainted,  are  those  of  Ludwig  and  Becher,'"  in  1851.  They  analysed  successive 
portions  of  saliva,  obtained  under  different  conditions,  from  the  submaxillary  gland  of 
the  Dog. 

Three  experiments  were  made  on  the  effect  of  protracted  secretion  ;  in  two  of  these 
the  percentage  of  salts  sank  in  the  successive  portions  of  saliva,  but  in  the  remaining 
one,  the  third  and  fourth  samples  of  saliva  contained  a  rather  higher  percentage  of 
salts  than  the  second  and  first  samples.  The  total  amount  of  saliva  collected  in  this 
case  was  48 '5  grm. 

Three  experiments  were  made  in  the  following  manner ; — Saliva  was  collected,  then 
blood  withdrawn  from  the  animal,  water  injected  in  the  place  of  the  blood,  and  saliva 
again  collected  ;  in  two  of  these  experiments  the  defibrinated  blood  was  re-injected, 
and  a  further  portion  of  saliva  obtained.  In  all  these  cases  the  percentage  of  salts  in 
the  saliva  sank  during  secretion. 

Lastly,  in  one  experiment  fourteen  samples  of  saliva  were  obtained,  in  all  177  grm. ; 
and  twice  during  the  course  of  the  experiment  150  grm.  of  a  7 ‘33  per  cent,  solution 
of  sodium  chloride  were -injected.  After  the  first  injection  there  was  a  rise  in  the 
percentage  of  salts  in  the  saliva ;  after  the  second  injection  there  was  a  fall  in  the 
percentage  of  salts  below  that  of  tlie  first  sample,  A  few  only  of  the  samples  of 
saliva  were  analysed. 

These  observations  showed  that  during  secretion  the  percentage  of  salts  falls  in 
most,  but  not  in  all,  cases ;  and  they  indicated  that  the  percentage  of  salts  depends 
upon  the  condition  of  the  gland  with  regard  to  fatigue. 

Heidenhain  t  placed  the  matter  on  a  different  basis.  He  analysed  successive  small 
quantities  of  saliva,  secreted  at  different  rates,  and  found  that,  up  to  a  certain  limit, 

*  Ludwig  and  Becher,  ‘Zeitschr.  f.  rat.  Med.,’  New  Series,  vol.  2,  1851,  p.  278. 

t  Heidenhain,  ‘  Studien  des  physiol.  Insbituts  zu  Breslau,’  Part  4,  1868,  pp.  30  et.  seq.,  and  ‘  Ai'chiv 
f.  d.  gesannnte  Physiologie,’  vol.  17,  1878,  p.  3. 
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tlie  percentag'e  of  salts  in  saliva  increases  with  its  rate  of  secretion.  As  we  shall 
frequently  have  occasion  to  refer  to  this  conclusion,  we  shall,  for  the  sake  of  brevity, 
call  it  Heidenhain’s  law. 

Since,  in  experiments  like  those  of  Ludwig  and  Becher,  the  rate  of  flow  of  saliva 
would,  as  a  rule,  steadily  decrease,  it  was  most  probable  that  the  variations  in  the 
percentage  of  salts  observed  by  them  were  due  to  variations  in  the  rate  of  secretion. 
And  Heidenhain* * * §  came  to  the  conclusion  that  the  percentage  of  salts  in  saliva  was 
not  influenced  by  tbe  state  of  the  gland,  except  in  so  far  as  the  state  of  the  gland  led 
to  an  alteration  in  the  rate  of  flow  ;  so  that  at  the  end  of  a  protracted  secretion,  the 
percentage  of  salts  would  be  the  same  as  at  the  beginning,  provided  the  rate  of 
secretion  were  the  same. 

Werther,!  in  the  course  of  some  observations  on  the  secretion  of  the  various  salts 
which  occur  in  saliva,  has  repeated  Heidenhain’s  experiments,  taking  larger  quan¬ 
tities  of  saliva,  and  confirms  Heidenhain’s  conclusions. 

So  far,  then,  it  would  appear  that  the  secretion  of  salts  depends  in  some  not 
clearly  definable  way  upon  the  secretion  of  water,  and  upon  that  alone.;}; 

Both  in  Heidenhain’s  and  in  Werther’s  Tables  there  are  a  considerable  number 
of  departures  from  the  law  that  an  increased  rate  of  secretion  causes  an  increased 
percentage  of  salts.  In  Heidenhain’s^  experiments,  out  of  thu’ty-six  estimations 
there  are  thirteen  divergences  from  the  law.  Some  of  these,  it  is  true,  are  slight. 
They  are  all  referred  by  Heidenhain  to  unavoidable  variations  in  the  rate  of  secretion 
during  the  time  of  collecting  each  sample  of  saliva.  But  it  must  be  noticed  that 
Heidenhain  does  not  expressly  say  that  he  observed  during  the  collection  of  the 
samples  of  saliva  any  especial  variation  in  the  rate  of  secretion  of  those  particular 
samples  which,  on  analysis,  were  found  not  to  follow  the  laAv  of  increased  percentage 
of  salts  with  increased  rate  of  secretion.  Hence,  although  the  explanation  is  a 
probable  one,  it  is,  as  matters  stand,  not  satisfactorily  proved. 


Causes  of  Variation  in  the  Rate  of  Secretion,  on  apparently  Equal  Stimulation  of 

the  Chorda  Tympani. 

In  order  to  observe  accurately  the  connection  between  the  rate  of  secretion  and  the 
percentage  of  salts  in  the  saliva,  it  is  essential  that  each  sample  of  saliva  should  be 
secreted  at  the  same  rate  throughout.  It  is,  however,  impossible,  except  in  very 
large  Dogs,  to  obtain  a  sufficient  quantity  of  saliva  for  analysis,  the  rate  of  secretion 


*  Heidenhain,  op.  cit.,  1878. 

t  Werther,  ‘  Ai'chiv  f.  d.  ges.  Physiologie,’  vol.  38,  1886,  p.  293. 

t  It  was  some  time  ago  pointed  out  by  one  of  us  (‘  Journal  of  Physiology,’  vol.  2,  p.  269,  1879)  that 
the  percentage  of  salts  in  saliva  does  not  always  increase  with  an  increase  in  the  rate  of  secretion.  But 
the  only  analyses  given  were  of  parotid  saliva  in  the  Dog,  obtained  first  by  stimulating  the  sympathetic, 
and  then  by  injecting  pilocarpin.  For  an  account  of  the  recent  observations  of  Novi,  cf.  p.  150. 

§  ‘  Archiv  f.  d.  ges.  Physiologic,’  vol.  17,  p.  8,  Table  IL 
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of  which  is  constant.  During  the  time  of  collecting  the  saliva  the  rate  of  secretion 
varies  ;  in  two  successive  samples  the  variation  in  rate  will  almost  certainly  he  not 
quite  the  same,  and,  in  consequence,  the  relation  between  the  percentage  of  salts  and 
the  rate  of  secretion  will  he  obscured.  The  variations  in  the  rate  of  secretion  w^hich 
occur  when  the  chorda  tympani  is  stimulated  are  partly  due  to  normal  causes,  and 
partly  to  abnormal  causes  brought  about  by  the  exposure  of  the  nerve.  Normally, 
when  the  chorda  tympani  is  stimulated  the  rate  of  secretion  rapidly  rises  to  a 
maximum,  and  then  slowly  declines.  When  the  nerve  is  dissected  out,  its  irritability 
gradually  falls,  and  if,  as  often  is  the  case  in  dissecting  out  the  chorda,  some  lobules 
of  the  subdingual  gland  are  cut  through,  so  that  their  secretion  oozes  out  and  soaks 
into  the  nerve,  its  irritability  falls  rapidly  ;  in  either  case  it  may  happen  that,  in 
collecting  a  sample  of  saliva,  the  stimulus  previously  causing  a  rapid  secretion  causes 
only  a  slow  one ;  on  seeking  to  correct  this  by  increasing  the  sti’ength  of  the  stimulus 
the  secretion  often  becomes  over-rapid,  and  a  mixture  of  salivas  secreted  at  very 
different  rates  is  the  result. 

Further,  as  Heidenhain  has  pointed  out,  a  variation  in  rate  is  brought  out  on 
chorda  stimulation  by  the  unequal  irritability  of  the  nerve  along  its  course  ;  a  very 
slight  shifting  of  the  electrodes  in  either  direction  may  cause  a  considerable  variation 
in  the  rate  of  secretion.  In  Experiment  2,  No.  I.,  for  example,  the  electrodes  were 
placed  on  the  part  of  the  chorda  adjoining  the  lingual  nerve,  but  the  number  of  drops 
of  saliva  produced  by  stimulating  for  30  seconds  varied  from  1  to  4  with  the  index  of 
the  secondary  coil  at  12  cm.,  and  from  3^  to  8  with  the  index  of  the  secondary  coil 
at  11 ‘5  cm. 


Variations  in  the  Percentage  of  Salts  in  Chorda  Saliva  obtained  under 

Normal  Conditions. 

Our  first  experiments  were  to  try  whether,  by  noting  the  variations  in  the  rate  of 
secretion  during  the  time  of  collecting  each  samjile  of  saliva,  we  could  account  for 
any  variation  that  might  occur  in  the  percentage  of  salts.  But,  as  we  had  no  doubt  of 
the  general  truth  of  Heidenhain’s  conclusions,  we  performed  the  experiments  under 
somewhat  different  conditions  from  those  of  Heidenhain,  so  as  to  still  further  test 
these  conclusions. 


Unless  otheriuise  mentioned  the  following  procedure  loas  adopted  in  each  of  the  Experiments. 

Morphia  in  5  per  cent,  solution  was  injected  sub-cutaneously ;  in  half  to  three-quarters  of  an  hour, 
when  severe  pinching  of  the  skin  produced  no  movement,  the  animal  was  given  chloroform.  A  three- 
way  tube  was  tied  in  the  trachea,  one  limb  of  the  tube  being’  connected  at  intervals  with  a  bottle  con¬ 
taining  a  mixture  of  chloroform  and  ether. 

The  lingual  nerve  was  ligatured  and  cut  peripherally  of  the  point  where  it  gives  off  the  choi’da 
tympani ;  lifting  this  up,  the  central  end  of  the  lingual  nerve  and  then  the  chordo-lingual  were  isolated 
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for  some  little  distance,  the  chordo-lingual  cut,  and  the  chorda  tympani  isolated  for  a  variable  distance. 
Dm-ing  stimulation  the  lingual  nerve  was  raised  by  the  ligature,  and  the  electrodes  slipped  under  the 
chorda;  in  the  intervals  of  stimulation  the  chorda  was  covered  up. 

The  interrupted  current  of  a  du  Bois’  induction  machine  was  used  for  stimulation  ;  in  the  account  of 
the  experiments,  the  distance  of  the  index  of  the  secondary  coil  from  the  primary  is  given  in  centimetres; 
thus,  c  =  12'5  indicates  that  the  index  of  the  secondary  coil  was  at  12'5  cm.  of  the  scale  attached  to 
the  machine.  One  Daniell’s  cell  was  used,  but  not  the  same  in  the  several  experiments. 

A  glass  cannula  was  tied  in  Wharton’s  duct,  and,  for  convenience  of  collecting  the  saliva  and  of 
counting  the  drops,  the  cannula  was  bent  at  the  end.  The  object  of  counting  the  drops  was  to  note 
variations  in  the  rate  of  secretion  whilst  collecting  any  one  sample  of  saliva;  since  the  size  of  the  drops 
depends  upon  the  rate  of  secretion  and  upon  various  other  conditions,  the  number  of  drops  collected  in 
successive  samples  often  gives  a  very  rough  indication  only  of  the  amount  of  saliva  in  each. 

The  saliva  was  collected  in  small-necked  bottles  graduated  in  centimetres,  so  that  the  amount  of  saliva 
obtained  at  any  time  could  be  roughly  estimated.  The  saliva  was  measured  in  the  following  way  : — The 
level  of  the  saliva  in  the  bottle  was  marked  by  a  strip  of  adhesive  paper,  the  bottle  was  emptied  and 
dried,  and  then  water  was  allowed  to  run  into  it  from  a  burette  up  to  the  level  of  the  strip  of  paper. 

Before  collecting  a  sample  of  saliva  under  any  given  conditions,  1  to  .3  c.c.  of  saliva  obtained  under 
these  conditions  were  thrown  aiuay. — In  the  account  of  the  several  experiments  the  amount  thrown  away 
is,  for  special  reasons,  occasionally  mentioned,  and  always  when  the  amount  thrown  away  was  less  than 
•75  c.c.  It  may  be  mentioned  that  one  to  two  drops  is  probably  as  much  as  the  gland  ducts  and  lumina 
contain. 

The  sympathetic  nerve,  when  it  was  necessary  to  stimulate  it,  was  dissected  out  from  the  vagus  in  the 
neck,  ligatured,  and  cut.  When  salt  solution  or  other  fluid  in  quantity  was  injected  into  the  blcod  it  was 
first  warmed  to  about  38°  C. 

Pilocarpin  was  injected  into  the  blood  as  jsilocarpin  nitrate,  and  atropin  as  atropin  sulphate. 

Method  of  Analysis. — The  amount  of  each  sample  of  saliva  collected  is  given  in  the 
description  of  the  experiments.  When  there  was  sufficient  saliva,  2 '8  to  3‘0  c.c. 
were  taken  for  analysis.  The  weighed  quantity  of  saliva  was  dried  in  a  platinum 
crucible  at  100°  C.  This  temperature  was  found  to  be  quite  high  enough  to 
drive  off  all  the  water  in  five  to  six  hours.  When  further  heating  of  the  crucible 
produced  no  diminution  in  weight,  the  weight  of  the  residue,  after  cooling  over 
sulphuric  acid,  gave  the  total  amount  of  solids.  The  residue  was  then  carefully 
ignited  over  a  Bunsen  flame,  the  crucible  being  held  in  the  flame  by  means  of  tongs. 
The  smallest  possible  amount  of  heat  necessary  to  secure  complete  ignition  of  the 
organic  compounds  was  einployed,  in  order  to  prevent  loss  by  volatilisation  and 
possible  loss  by  some  of  the  fused  salts  creeping  over  the  edge  of  the  crucible.  Less 
than  three-cpiarters  of  a  minute  generally  sufficed  to  burn  off  all  carbonaceous  matter. 
The  residue,  weighed  after  cooling  over  sulphuric  acid,  gave  the  total  salts.  The 
weighing  was  performed  to  '0001  grin.  In  the  Tables  we  have  given  the  percentage 
composition  of  the  various  samples  of  saliva  to  three  places  of  decimals  only,  since,  for 
our  purposes,  the  inaccuracy  incidental  to  the  determination  of  the  rate  of  secretion 
made  of  no  value  the  fourth — and  sometimes  the  third — place  of  decimals  in  the 
percentage  composition. 


July  29,  1887.  -Dog,  rather  small.  The  saliva  in  each  case  was  obtained  by  stimulating  the  chorda  tympani. 


ON  THE  SECRETION  OF  SALIVA. 


113 


o3  52 

>  S 
^  2 

^ 


<13 

^  <1^ 


•S 

^  03 

W  pJ2 


o3 

ci 

rc5  ' 
o' 
O 


O  05  (D 

o  .o  .xi 

pj  -p  -tJ 

I  “ 

03  03  ^ 

^  V 

^  2  p! 
43  tJ 

~P  o 

A 

.°p'®  -p 

CO  0  c3 

o  ^ 


a 


P-i 

ct 


0 

-4-> 

«+-l 

c3 

0 

-jj 


o 

S'l 

"1 


■+J  ^ 

O 

bjo  ^ 

C3  M 
•M  O 

Ph  P3  1?. 
(O  o  _ , 

O  03  « 
^  O  0 

n  i  ^ 

^  .S  «}  M 


C3 

0 

a:i 


8  » 
-  Sa 

■Ip  o 

g.a 

.2 

its 

02  O  'PS 
tc  Ol 


o 

P 

o 

<u 

W 


~  0 
^  'a 

.2  a 


m 


PI  o 


c3  P 

V  A 
°  2 
Q 


> 

vt 


CO 


CO 


a 
ce 

'V  A 


O 


fl  4s 
CP  9.r3 
(y  of)  ^ 


xO 

03 

i-O 


00 

oi 


iO 

CO 


CO 

iO 

IC 


17^ 


C3 

03 

iO> 


O  o  • 
^3JD-m  O 
03  C3  ^ 
c3  5 
C  cj) 


g  ^ 

-t-( 

Ph  ® 


•w 


o  J 


oq 

oi 

IN. 


CO 

CO 


^5? 

nH 

Ol 


CO 

CO 

IN. 


o 


CO 

lO 


o 

IN. 


CO 

CO 

CO 


CO 

CO 

r>. 


nH 


o 

o 


o 

CO 

In, 


^  S  .  d 

o  .2  « 

o)  2 

^  .2  g 


CO 

CO 

CO 


o  o 
o  o 
<01  <01 


o  o 
o  o 

03  lO 


o 

o 


o 

CO 


•73 

^  Jd  . 


■e  ^ 


S.2 


a  ^ 

oi  ^ 


rnkl 

In. 


CO 

.2 

6 

6 


.2  2 

S‘s 

m1<m 

CO  ^ 

.2  .a 

q  0 
0  d 
00 


P!  P 

a 'a 

Cl  lO 

.3  -2 
0  0 
0  0 
Cp  ip 
^  01 


<o> 

d 

•  iH 
0 
0 
cp 
CO 


In, 


a 

XO 

d 

•  rH 
0 
0 
00 
CO 


rHiCI 

CO 


P  rt  • 
2 

s  g  s 

A  “ 

PL|  CD 


lO 

6o 


fee -+45 


2.a  g: 

S  o  o 


CO 

o? 

oi  oi 


o 

(d 


P2 

a 

iS' 


> 


MDCCCLXXXTX. — B. 


114 


MESSRS.  J.  N.  LANGLEY  AND  H.  M.  FLETCHER 


If  we  take  here  the  mean  rate  of  secretion,  we  see  that  there  are  several  divergences 
from  Heidenhain’s  law  ;  of  these  I.  and  VI,  can  be  explained  by  taking  into  considera¬ 
tion  the  variation  in  the  rate  of  secretion  during  the  time  of  collecting  I.  In  I.  the 
4  c.c.  of  the  saliva  collected  is  secreted  at  a  rate  of  ‘9  c.c.  a  minute,  and  1  c.c.  at  a 
rate  of  ‘5  c.c.  a  minute.  In  V.  the  percentage  of  salt  is  '472  m  saliva  secreted  at  a 
rate  of  '400  c.c.  a  minute,  so  that,  allowing  an  increase  of  ’004  per  cent,  for  each 
'01  c.c.  increase  in  rate,  the  percentage  of  salts  in  saliva  secreted  at  a  rate  of  '5  c.c.  a 
minute  would  be  ‘512.  Hence,  the  saliva  in  I.,  secreted  at  a  rate  of  ‘9  c.c.  a  minute, 
contains  '616  per  cent,  of  salts,  i.e.,  a  higher  percentage  of  salts  than  sample  VI. 

On  the  other  hand,  the  difference  in  the  percentage  of  salts  between  II.  and  III. 
cannot  be  altogether  satisfactorily  explained  in  this  manner.  The  saliva  III.,  secreted 
at  a  slower  rate  than  II.,  should  have  a  lower  percentage  of  salts;  in  fact,  the  per¬ 
centage  of  salts  in  it  is  higher.  It  is  true  that  a  portion  of  III.  may  have  been 
secreted  at  a  faster  rate  than  any  in  II,,  for  in  III.  4 ’8  c.c.  were  secreted  at  a  mean 
rate  of  1'2  c.c.,  and,  as  the  rate  of  secretion  slackened  towards  the  end  of  stimulation, 
the  rate  was,  of  course,  considerably  faster  than  1'2  c.c.  a  minute  at  the  beginning  of 
the  stimulation ;  but,  in  view  of  the  slight  increase  in  the  percentage  of  salts  which 
occurs  as  the  rate  of  saliva  approaches  its  maximum  (cf.  p.  117),  this  explanation  is 
insufficient.  It  is  possible  that  the  increased  percentage  of  salts  may  have  been  due 
to  the  blood-flow  through  the  gland  being  in  this  case  less  than  normal  [cf.  p.  12G). 

In  the  experiment  given  above,  the  stimulation  of  the  chorda  tympani  was,  in  most 
cases,  stopped  as  soon  as  the  secretion,  beginning  fairly  rapidly,  began  to  be  obviously 
slower.  In  the  following  experiment,  a  variation  of  this  procedure  was  made  by 
stimulating  the  chorda  for  a  definite  short  portion  of  each  minute,  so  that  the  stimulus 
ceased  at  about  the  period  of  the  maximum  rate  of  secretion  for  the  stimulus  used. 
With  both  methods,  there  is  usually  a  small  amount  of  saliva  secreted  slowly,  after  the 
stimulation  of  the  nerve  has  ceased. 


ugust  2,  1887.  Small  Dog.  Sympathetic  in  neck  cut.  Saliva  obtained  by  stimulating  the  chorda  tympani  for  30  sec.  in  each  minute. 
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This  is,  of  course,  calculated  from  the  i-ate  of  secretion  of  saliva,  and  the  percentage  of  organic  substance  in  it. 
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In  this  experiment,  the  percentage  of  salts  follows  Heidenhain’s  law  in  all  five 
cases,  and  does  so  although  the  slower  secretions  were  obtained  Iry  stimuli  so  strong  as 
to  rapidly  exhaust  the  irritability  of  the  nerve,  instead  of  by  iveah  stimuli.  This, 
taken  with  Experiment  1,  in  which,  out  of  six  cases,  there  was  but  one  exception  to 
the  law,  and  that  a  not  very  certain  one,  is  strong  confirmation  of  Heidenhain’s 
suggestion  that  the  exceptions  found  in  his  experiments  are  due  to  variations  in  the 
rate  of  flow  of  saliva  during  the  time  of  collecting  any  one  sample. 

In  all  these  cases,  the  saliva  is  obtained  by  stimulating  the  chorda  tympani,  under 
normal  conditions  of  blood  supply,  except  that  curari  or  an  anaesthetic  in  sufficient,  but 
not  in  excessive,  amount  may  have  been  given  ;  as  we  shall  see  later,  under  other  con¬ 
ditions  the  percentage  of  salts  does  not  necessarily  increase  with  the  rate  of  secretion 
of  the  saliva.  Before  considering  what  these  conditions  are,  we  may  say  a  word  or 
two  about  the  relation  between  the  increase  of  flow  of  saliva  and  the  rate  of  increase 
of  the  percentage  of  the  salts. 

Heidenhain  {op.  cit.,  p.  9)  states  that,  with  increasing  rate  of  secretion,  the  per¬ 
centage  of  salts  increases  up  to  a  maximum  of  '5  to  ’6  per  cent.,  so  that  his  law  really 
only  holds  within  certain  limits ;  when  the  rate  of  secretion  passes  a  certain  limit — 
variable  in  different  glands— the  jiercentage  of  salts  in  the  saliva  no  longer  increases. 
Wekthee,  points  out  that  the  highest  percentage  of  salts  given  by  Heidenhain  for 
sub-maxillary  saliva  is  '66  per  cent.,  whilst  in  his  own  experiments  the  maximum  is 
'77  per  cent.  In  our  experiments  the  maximum  percentage  of  salts  is  also  ‘77  per  cent. 
{cf.  p.  122,  Table  VI.).  Ludwig  and  Becher  in  one  case  found  '78  per  cent,  of  salts. 

We  do  not  think  that  there  is  any  satisfactory  proof  that  under  normal  conditions 
of  blood  flow,  and  with  saliva  obtained  by  stimulating  the  chorda  tympani,  there  is  any 
upper  limit  in  the  rate  of  secretion  beyond  which  an  increase  in  rate  no  longer  produces 
an  increase  in  the  percentage  of  salts. 

In  Experiment  2,  three  of  the  samples  of  saliva  are  secreted  at  a  fairly  constant 
rate,  and  under  similar  conditions  are  : — 


Table  1. 


Kate  of  secretion 

1 

Percentage  of  | 

per  minute  in  c.c. 

salts.  i 

1 

TV. 

•400 

•598 

V. 

•455 

•626 

III. 

•525 

•652 

Comparing  IV.  and  V.,  we  see  that  an  increase  in  rate  of  '055  c.c,  a  minute  gives 
an  increase  in  the  percentage  of  salts  of  '028  c.c.  ;  the  rate  of  increase  is  about  '0051 
per  cent,  of  salts  for  '01  c.c.  a  minute  of  saliva. 

Comparing  V.  and  III.,  we  see  that  an  increase  in  rate  of  secretion  of  '089  c.c.  a 
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minute  gives  an  increase  in  the  percentage  of  salts  of  ‘026  per  cent.,  i.e.,  the  rate  of 
increase  is  about  ‘0037  per  cent,  of  salts  for  ‘01  c.c.  a  minute  of  saliva. 

Here  the  first  increase  in  the  rate  of  secretion  produces  a  greater  proportional 
increase  in  the  percentage  of  salts  than  does  the  subsequent  additional  increase  in  the 
rate  of  secretion. 

Taking  similarly  from  Experiment  1  the  three  samples  of  saliva  which  were 
secreted  with  the  least  variation  in  rate  during  the  collection  of  each  sample,  we 
have : — 

Table  II. 


Rate  of  secretion 
per  minute  in  c.c. 

Percentage  of 
salts. 

Increase  in  percentage  of  salts  corre¬ 
sponding  to  an  increase  of  '01  c  c.  per 
minute  in  rate  of  secretion. 

V. 

•400 

•472  1 

•0035 

VI. 

•760 

•599  =1 

III. 

1-333 

•628 

-0005 

or  inserting  the  calculated  rates  from  I.  and  IV,  : — 


Table  III. 


Rate  of  secretion 
per  minute  in  c.c. 

Percentage  of 
salts. 

Increase  in  percentage  of  salts  corre¬ 
sponding  to  an  increase  of  01  c.c.  per 
minute  in  rate  of  secretion. 

V. 

•400 

•472  1 

•004 

I«. 

•500 

•512  = 

•0033 

VI. 

•760 

•599  ^ 

b. 

•900 

•616  . 

•0012 

III. 

1-333 

•628  . 

•0003 

We  conclude  then  that  the  percentage  of  salts  in  saliva  increases  as  long 
as  the  rate  of  secretion  increases,  but  that  the  increment  in  the  percentage 
of  salts  becomes  less  with  each  successive  equal  increment  in  the  rate  of 
secretion. 

We  may  now  pass  to  consider  the  conditions  under  which  the  statement  just  made 
no  longer  holds. 
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Effect  of  Stimulating  the  Sympathetic  Nerve. 

As  far  as  we  know,  no  attention  has  been  called  to  the  fact  that  the  percentage  of 
salts  in  sympathetic  saliva  is  greater  than  that  which  corresponds  to  its  rate  of 
secretion,  if  chorda  saliva  be  taken  as  a  basis  of  comparison. 

The  following  experiments  bring  out  clearly  the  lack  of  correspondence  between 
the  rate  of  flow  and  the  percentage  of  salts,  when  sympathetic  and  chorda  saliva  are 
compared  : — 

'Experiment  3. 

August  5,  1887. — Dog.  Weiglit,  5^  kilos.  Cannula  in  right  sub-maxillary  duct.  Cannula  for  injection 
in  left  jugular  vein. 

2.15.  Stimulate  cborda,  c  =  19,  no  secretion  ;  c  =  18,  fairly  copious  viscid  secretion. 

2.25.  Stimulate  sympathetic,  c  =  8,  very  slow  secretion. 

2.47-|.  Inject  3  mgrm.  pilocarpin.  Let  25  drops  run  away,  then 
Collect  I.  The  drops  in  successive  30  sec.  were 

4. 4. 4. 4. 5. 4. 4. 4. 4. 3. 4. 3. 3.  =  2'6  c.c.  in  min. 

3.1|.  Stimulate  sympathetic,  c  =  8  for  3  min.  The  secretion  stops  for  5  min.  and  then  begins 
again,  going  on  at  a  rate  of  1  to  2  drops  in  30  sec. 

3.11.  Inject  3  mgrm.  pilocarpin. 

3.12.  Collect  II.  Drops  in  each  30  sec.  were 

i.-i.i.i.l.l.2.1.2.2.2.2.0.0.0.1.i.i.3.3.4.1.^.]i.2.2.2.2.3.0.1.3.3. 

c  =  8  c  =  10  c  =  15 

1.2.2  =  2’8  c.c.  in  18  min.,  the  actual  time  of  secretion  being  16  min. 

During  the  secretion  of  the  drops  doubly  underlined,  the  sympathetic  was  stimulated.  During 
the  secretion  of  the  drops  singly  underlined,  the  chorda  was  stimulated  for  a  part  of  the 
30  sec. ;  this  was  done  chiefly  to  prevent  the  complete  cessation  of  the  secretion,  which  the 
previous  trial  had  shown  to  be  the  result  of  strong  stimulation  of  the  symjiathetic. 

3.30.  III.  Immediately  after  collecting  II.,  the  collection  of  saliva  in  III.  was  begun ;  thus  the 
first  part  of  this  was  saliva  secreted  previously  and  of  the  same  nature  as  that  in  II. 
Drops  in  each  30  sec.  were 

2. 1.1. 1.2. 3. 2. 2. 3. 2. 3. 2. 2. 3. 2. 2. 2. 2. 3. 2. 3. 2. 2. 3. 2  =  2-6  c.c.  in  12^  min. 

3.42^.  IV.  Saliva  collected  immediately  after  the  end  of  the  previous  collection,  so  that  this  saliva 
contained  part  of  saliva  secreted  under  conditions  of  III.,  i.e.,  from  j^ilocarpin  alone.  The 
sympathetic,  during  the  secretion  of  the  underlined  drops  in  the  following,  was  stimulated 
with  weak  induction  shocks,  c  =  25  to  30  for  15  to  25  sec.  The  chorda  (at  beginning  of 
experiment)  first  gave  a  secretion  with  c  =  18. 

2.3.0.1.0.0.0.1.L.L.1.2.2.2.3.1.i.i.l.2.3.i.i.2.l.i.l.2.2.2.2.2. 

c  =  20  =  25  c  =  25  c  =  30 

2. 1.1. 2. 1.1. 2. 1.1. 1.1. 1.1. 1.1. 2=3  c.c.  in  24  min.j  actual  time  of  secretion 
c  =  27 
22  min. 

4.9.  After  about  6  drops  had  been  allowed  to  run  away,  the  saliva  was  again  collected,  the  chorda 
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being  stimulated  in  alternate  periods  of  30  sec.  for  25  to  30  sec.,  c  =  16.  Tlie  first 
stimulation  was  for  15  sec.  only.  The  number  of  drops  secreted  in  each  30  sec.  were 


2  .  f  .  31 

.1.3.1. 

4.1 .4.1 

.4.1.4. 

1.3. 1 .4 

.1.4.1. 

4.1.3  =  2-8  c.c.  in  11|  min. 

Time  of 
collecting 
saliva. 

Duration 
of  secretion 
in  min. 

Number 
of  c.c.  of 
.saliva. 

Eate  of 
flow  per 
min.  in  c.c. 

Percentage 
of  organic 
substance. 

Percentage 
of  .salts. 

Remarks. 

1. 

2.51  -2.571 

2-6 

•400 

•324 

•728 

Saliva  obtained  by  injecting 

3  mgrm.  of  pilocarpin. 

3.11.  Inject  3  mgrm.  pilo¬ 
carpin.  ! 

II. 

3.12  -3.30 

16 

2-8 

•175 

1-138 

•726 

Stimulate  sympathetic  and  j 
chorda  occasionally. 

III. 

3.30  -3.424 

\01 

2-6 

•208 

•563 

•704 

IV. 

3.42^4.61 

22 

3-0 

•136 

•463 

•711 

Weak  stimulation  of  sympa¬ 
thetic.  c  =  20  to  30. 

V. 

4.9  -4.201 

2-8 

•243* 

•857 

•623* 

Stimulate  chorda,  c  =  16. 

i 

Here  pilocarpin  produces  a  fairly  rapid  secretion,  the  saliva  having  a  high 
percentage  of  salts,  viz.,  ‘728.  Whilst  the  secretion  from  pilocarpin  is  going  on  but 
more  slowly,  the  sympathetic  is  stimulated  ;  the  rate  of  secretion  of  saliva  is  reduced 
from  -I-  to  f,  but  the  percentage  of  salts  remains  nearly  the  same  {'726);  the  subse¬ 
quent  saliva  from  pilocarpin  alone,  although  faster,  has  a  less  percentage  of  salts 
(•704)  ;  this  is  increased  by  weak  stimulation  of  the  sympathetic  ('711),  although  the 
rate  of  secretion  is  considerably  decreased,  and  this  is  the  more  noteworthy,  since  the 
percentage  of  organic  substance  was  very  little  affected  l^y  the  weak  stimulation  of 
the  sympathetic.  Finally,  stimidation  of  the  chorda  decreases  the  percentage  of  salts, 
although  about  doubling  the  rate  of  secretion. 

The  divergence  from  Heidenhain’s  law  will  perhaps  be  more  easily  seen,  if  II.- V. 
are  arranged  in  order  of  rate  of  secretion. 


*  In  V.  there  is  a  mixture  of  salivas  secreted  at  different  rates,  viz.,  very  neaidy  2-2  c.c.  at  a  rate  of 
•37  c.c.  a  minute,  and  '6  c.c.  at  a  rate  of  'll  c.c.  a  minute. 

It  is  most  unlikely,  that  a  difference  in  rate  of  '01  c.c.  a  minute  could  cause  here  a  greater  difference 
in  percentage  of  salts  than  ’01.  If  we  take  this  as  being  the  true  relation,  we  have 


Rate  of  secretion 
per  minute  in  c.c. 

Percentage  of  salts. 

v«. 

•37 

•679 

Vj. 

•11 

•419 
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Table  Y. 


Rate  of  secretion  per 
minute  in  c.c. 

Percentage  of 
salts. 

Y. 

•370 

•679  about* 

III. 

•208 

•704 

II. 

•175 

•726 

lY. 

•136 

•711 

It  will  be  observed  tbat  the  experimental  errors  are  such  as  to  make  the  contrast  less  striking,  for,  by 
admixture  of  some  saliva  II.  with  saliva  III.,  the  percentage  of  salts  in  III.  is  too  high ;  and  by 
admixture  of  saliva  III.  with  saliva  IV.,  the  percentage  of  salts  in  lY.  is  too  low. 

Experiment  4. 

August  10,  1887. — Rather  small  Dog. 

11.45.  Stimulate  chorda,  c  =  16  to  c  =  13,  no  secretion  ;  c  =  12,  rapid  secretion. 

12.5.  Collect  I.  Stimulate  chorda  for  30  sec.  in  each  minute,  c  =  12.  Number  of  drops  in  each 
30  sec.  of  stimulation  were 

4. 4. 4. 2. 7. 3. 5. 5. 4  =  2-7  c.c. 

There  was  a  seci’etion  of  about  half  a  drop,  lasting  about  15  sec.  after  the  end  of  each 
stimulation,  so  that  2’3  c.c.  were  secreted  in  the  4|  min.  of  stimulation,  and  '4  c.c.  in 
2j  min.  after  the  stimulation  had  ceased. 

12.25.  Inject  1  c.c.  '1  p.c.  atropin  sulphate  into  jugular  vein. 

12.40.  Stimulation  of  the  choi’da,  c  =  12  to  c  =  3,  gives  no  secretion  or  a  mere  trace. 

Stimulate  sympathetic ;  7  droj)s  of  saliva  thrown  away. 

1.33.  Collect  II.  Stimulate  sympathetic  as  a  rule  for  30  sec.  in  each  minute,  c  =  8.  There  is 
a  slow  secretion  which  usually  continues  for  15  or  more  sec.  afterwards.  In  139  min., 
the  sympathetic  being  stimulated  altogether  for  56  min.,  2  Jc.c.  of  saliva  are  collected. 
This  gives  the  rate  of  secretion  as  '036  c.c.  per  minute ;  but,  as  the  saliva  continued  to 
flow  in  the  intervals  of  stimulation,  the  rate  was  really  slower  than  this. 

4.0.  Stimulate  chorda,  secretion  slow,  2  to  3  drops  a  minute  ;  the  amount  is  proportional  to  the 
length  of  the  intervals  of  rest. 

4.6.  Collect  III.  Stimulate  chorda,  c  =  8  in  alternate  15  sec.  for  6f  min.,  then  c  =  8  to  c  =  6 
for  15  sec.  in  each  45  sec.  for  21  min.  i.e.,  total  time  of  stimulation  was  13|  min.  out 
of  34  min.,  2'5  c.c.  of  saliva  were  collected;  reckoning  the  time  of  stimulation  only,  the 
rate  of  secretion  is  '185  c.c.  a  minute.  This,  of  course,  is  a  little  too  high. 

4.47.  Inject  1'5  c.c.  ’5  p.c.  pilocarpin.  Twelve  drops  thrown  away. 

4.50.  Collect  lY.  There  were  4  drops  every  30  sec.  for  4  min.  ;  then  3  drops  every  30  sec.  for 
44  min. 

4.59.  Collect  Y.  Drops  in  each  30  sec.,  were 

3. 3. 3. 2. 2. 2. 2. 2. 2. 2. 2. 1.1. 2. 1.2. 1.1. 2. 2. 1.1. 2. 1.2. 1.1. 2. 1.1. 2.1. 

5.161-.  Inject  1‘25  c.c.  ’5  p.c.  pilocarpin.  About  3|  c.c.  secreted,  then  stimulate  chorda.  Ten  drops 
thrown  away. 

5.32.  Collect  YI.  Stimulate  chorda  c  =  8  in  alternate  30  sec.,  very  little  effect  on  secretion, 
increasing’,  perhaps,  the  continuous  secretion  by  4  a  drop  a  minute  during  the  earlier 
period  of  collecting  ;  secretion  begins  4  and  ends  24  drops  a  minute. 


*  Gf.  note  p.  119. 


ON  THE  SECRETION  OF  SALIVA 


.  , 

, 

O  •-C 

40  O 

c 

o 

*+-^  a; 

02  ^ 

II  u 

o 

'Ph 

o 

-H 

a 

oI  d  S 

rH  P 

_d 

■3  a 

®  bC 

a 

bo 

"  Hh 

oo'  3 

II  “ 

O  W  'T' 

<D 

11  fl 
o 

a 

"  StI 
a 

a 

— -1  ^ 

"C!  2 

"d 

ce  ‘C 

Th 

40 

ri? 

.— ' 

H  O 

Ph 

a 

w 

O  -p 
rP  4J 
o 

-H 

O 

O 

•r— 5 

O  a 
d  H 
o  -P 

a>  hh  P 

o 

O  C! 

p  p 

c3  o 

"S 

"ce  ^ 

a 

hH 

_a 

"ce  -3 

2  lO  g 
fl  (M  ’o 

"d 

2 

a 

a 

rH 

c3 

40 

Ph 

s 

d 

2  o 

•  rH 

-H 

•43 

i-H 

•43  S 

m  hh 

ai 

id 

m 

d  . 

5^  j  a  a 

!>. 

40 

oi 

CO 

CO 

OI 

a  d  «  2 

p 

CO 

i-H 

<p 

40 

o 

d 

s  1 1 «  a  a 

!>• 

00 

H< 

o 

!>. 

40 

lO 

H^ 

a  2  s  o  a 

<p 

CO 

o 

rH 

p 

cq 

o 

03  d  •'^ 

4) 

b£)  . 

rt  05 

O 

30 

00 

00 

00 

oi 

§  "i 

JlO 

lO 

lO 

CO 

lO 

40 

C<I 

CO 

40 

o  o 

Ph 

43 

t-si 

00 

iO 

00 

rn 

1-0 

nH 

a  g  c3 

CO 

CO 

lO 

04. 

00 

H< 

g 

CO 

CO 

oi 

o 

o 

rH 

u  ^pQ 

nH 

Ph  “ 

^  5  d  . 

O  ,3 

5  'o  s  «■ 

pH  !>• 

40 

iiO 

40 

PI 

IN 

rH  i:^ 

CO 

00 

IN. 

00 

JN 

®3  ^  ^  d 

O 

pH 

CO 

r— H 

w  i  Sh-" 

nd 

03 

s-^ 

O  43 

rH|Clr-.|-(. 

„• 

PI 

a'g  « 

.2 .2 

a  g-- 

CO  HH 

o 

lO 

oi 

nH 

rH 

^  ;S 

di 

OJ 

di 

CO 

CO 

CO 

oc- 

.a  "3  a 

a-g-2 

rH^l 

r^|51 

Wl-T 

fi  -S  A 

40 

CO 

00 

”2  ^ 

1-0 

1— t 

a  “.a 

.a  cjo  s 

®  .a  :5  '^' 
a  a  5^  “ 

-l|CH 

i-hICI 

Oi 

00 

IN 

IN 

-a  di 
"3  a  .a  o 

CO 

CO 

pH 

CO 

o 

c:. 

OI 

lO 

CO 

40 

lO 

lO 

CO 

pi 

I— 1 

Hi 

Hi 

id 

rH 

HH 

hH 

HH 

l-H 

I— i 

hH 

> 

hH 

VI. 

MOCCOLXXXTX. — B, 


R 


122 


MESSRS.  J.  X.  LANGLEY  AND  H.  Isl.  FLETCHER 


It  will  be  seen  in  the  above  experiment  that,  notwithstanding  the  very  slow  rate  of 
secretion  of  the  sympathetic  saliva,  it  contains  a  higher  percentage  of  salts  than  five 
out  of  the  six  other  samples  of  saliva  collected.  Comparing  it  with  sample  IV.  wm 
see  that,  whilst  it  was  secreted  at  one-tenth  the  rate,  it  contains  '1  per  cent,  more  salts. 

In  the  other  samples  of  saliva,  with  the  exception  of  VI.,  the  salts  follow  Heiden- 
hain’s  law.  The  exception  we  shall  have  occasion  to  refer  to  later  (p.  148). 

A  still  more  striking  instance  of  the  high  percentage  of  salts  which  may  be  present 
in  sympathetic  saliva,  compared  with  that  proj^er  to  its  rate  of  secretion,  is  given  in 
another  experiment  made  by  us,  the  details  of  which  have  been  already  published.* 
From  this  we  take  the  following  ; — 

Table  VI. 


Saliva  obtained  by — 

Rate  of  secretion 
per  minute  in  c.c. 

Percentage  of  salts. 

Stimulating  left  chorda  before  atropin  given 

4-13 

•742 

Stimulating  left  chorda  and  sympathetic 

•073 

after  15  mgrm.  atropin 

•619 

Stimulating  right  chorda  before  atropin  given 

4-200 

•766 

Stimulating  right  sympathetic  after  l5  mgrm. 

•705 

atropin 

•023 

Here,  on  the  right  side,  the  rate  of  secretion  of  the  chorda  saliva  is  about  180  times 
that  of  the  sympathetic  saliva,  but  it  contains  only  '056  per  cent,  more  salts. 

It  will  be  noticed  that,  on  the  left  side,  the  sympathetic  saliva  has  '123  per  cent, 
less  salts  than  the  chorda  saliva ;  whilst,  on  the  right  side,  the  sympathetic  saliva  has 
only  '061  per  cent,  less  salts  than  the  chorda  saliva,  i.e.,  the  fall  in  the  percentage  of 
salts  is  greater  on  the  side  on  wdiich  the  sympathetic  saliva  is  more  rapidly  secreted. 
It  is,  however,  just  possible  that  this  might  have  been  due  to  a  slight  admixture  of 
chorda  saliva. 

The  chief  point,  however,  with  which  we  are  concerned  is  that,  when  chorda  saliva 
is  taken  as  a  standard,  the  percentage  of  salts  in  sympathetic  saliva  is  much 
higher  than  that  which  corresponds  to  its  rate  of  secretion. 

In  view  of  this  fact,  and  of  the  fact  that  stimulating  the  sympathetic  nerve  causes 
a  very  great  diminution  in  the  amount  of  blood  flowing  through  the  gland,  and  in 
consequence  a  very  great  diminution  in  the  supply  of  oxygen  to  the  secretory  cells, 
the  possibility  was  suggested  that  if,  in  other  ways,  either  the  blood  flow  through  the 
gland  or  the  oxygen  in  the  blood  were  diminished,  the  percentage  of  salts  in  saliva 
might  be  increased.  We  accordingly  made  some  observations  on  these  points. 


*  Langley,  ‘  Journal  of  Physiology,’  vol.  9,  1888,  p.  59. 


Experiment  5a.* 

Jan.  16,  1888.  Dog’,  weight  29  kilos.  Sympathetic  nerve  uncut.  The  saliva  in  each  case  was  obtained  by  stimulating  the  chorda. 
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The  remainder  of  this  experiment  is  given  on  p.  135. 
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In  this  experiment  dyspnoea  reduces  the  rate  of  secretion  of  water,  hut,  except 
when  it  is  prolonged  (Y.),  does  not  do  so  to  any  great  degree. 

Its  chief  effect  is  on  the  secretion  of  salts ;  in  II.  and  in  IV.,  although  the  rate  of 
secretion  of  saliva  falls,  the  percentage  of  salts  rises.  The  rate  of  secretion  of  salts 
is  diminished  in  II.,  but  is  increased  in  IV.  ;  in  the  latter  case  the  rate  of  secretion  of 
water  is  very  slightly  diminished,  so  that  the  increase  in  the  rate  of  secretion  of  salts 
may  have  been  due  to  an  increase  in  the  strength  of  the  stimulus  caused  by  a  shifting 
of  the  electrodes  on  the  chorda  tympani.  At  any  rate,  when  the  rate  of  secretion  of 
water  is  diminished  to  a  greater  extent,  as  in  II.  and  as  in  Experiment  6,  the  rate 
of  secretion  of  salts  falls. 

The  rate  of  secretion  of  organic  substance  also  falls ;  that  this  is  not  solely  due  to  a 
progressive  exhaustion  of  the  gland  is  indicated  by  the  rate  of  secretion  of  organic 
substance  being  greater  in  III.  than  in  II.  The  percentage  of  organic  substance  falls 
in  each  successive  sample  of  saliva  secreted ;  with  a  constant  stimulus  this  is  observed 
normally.  But  here  the  drop  in  the  percentage  of  organic  substance  does  not 
take  place  regularly ;  the  more  dyspnoea  decreases  the  rate  of  secretion  of  water, 
the  less  is  the  drop  in  the  percentage  of  organic  substance,  that  is  to  say,  dyspnoea 
decreases  the  rate  of  secretion  of  water  more  than  it  decreases  the  rate  of  secretion 
of  organic  substance. 


Experiment  6. 


Jan.  21,  1888.— Dog.  Chloroform.  (Morphia  was  not  given  in  this  case.)  Trachea  connected  with 
bottle  of  chloroform  and  ether.  Stimulate  chorda,  c  =  11,  secretion  very  slight; 
repeat,  c  =  7,  fairly  rapid  secretion,  obtain  about  1  c.c.  Whilst  collecting  saliva  for 
analysis,  the  secondary  coil  was  in  all  cases  at  7. 

12.0.  1.  Stimulate  chorda  2  min.  25  sec.  Obtain  2  c.c.  saliva. 

12.9^.  Empty  the  cannula.  Clamp  trachea  tube,  to  produce  dyspnoea. 

12.10.  Stimulate  chorda  for  2  min.  Cannula  full  (=  ^  c.c.),  and  8  drops  saliva;  drops  not 
collected. 

12.12.  II.  Stimulate  chorda  1|  min.;  saliva  collected;  at  end  of  stimulation  unclamp  trachea 
tube. 

12.17.  Clamp  trachea  tube. 

12.17^.  Stimulate  chorda  2  min. ;  saliva  collected  ;  at  end  of  stimulation  unclamp  trachea  tube. 

12.25.  Clamp  trachea  tube. 

12.254.  Stimulate  chorda  2J  min.  ;  saliva  collected ;  unclamp  trachea  tube.  Add  contents 
cannula  to  saliva  collected.  Total  amount  saliva  is  2‘5  c.c.  The  total  time  of  secretion 
is  6  min.  +  1  min.  (required  to  fill  the  cannula).  Stimulate  chorda;  let  11  droj^s  run 


away. 


12.36  ] 
to  J 
12.47. 


III.  Stimulate  chorda  2|  min., 
stimulation)  and  45  sec. 

=  2  c.c. 


2^  min.  (secretion  is  slow  towards  end  of  these  periods  of 
Total  time  of  secretion  is  5f  min.  Saliva  collected 


1  O 

^  Stimulate  chorda  occasionally ;  let  about  50  drops  saliva  run  away. 


V  ago-sympathetic 


1.58  J 


in  neck  cut. 
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2.0 

to 

2.11|. 


IV.  Stimulate  chorda  1|,  1|-,  1|,  and  ^  min.,  that  is  for  5  min.;  there  were  considerable 
variations  in  the  rate  of  secretion.  Saliva  collected  =  2'6  c.c. 


2.14 

to 

2.22. 


I  Clamp  trachea  tubes  aud  stimulate  chorda  (3  times)  to  obtain  saliva  during  dyspnoea,  as 
I  in  collecting  (II.).  Saliva  not  collected. 


2.24  V.  Clamp  ti’achea  tube. 

2.244.  Stimulate  chorda  for  l^-  min.,  then  unclamp  trachea  tube. 

2.30  )  Above  repeated  four  times.  Chorda  stimulated  14,  1,  Ij,  and  1^  min.  Total  time  secre- 
2.50.  J  tion  6J  min.  Saliva  collected  3  c.c. 

2.51  1 

to  V Chorda  occasionally  stimulated;  21  drops  thrown  away. 

3.9.  J 


3.13  I 

to  Stimulate  chorda  14,  1|-,  li,  and  4  min.,  =  5  min.  Saliva  collected  =  3  2  c.c. 

3.30.  J 

Trachea  tubes  clamped  for  2  min. ;  no  spontaneous  secretion. 


Time  of 

beginning  stimu¬ 
lation  chorda 
c  =  7. 

Number  c.c. 
of  saliva 
collected. 

Rate  of  flow  of 
saliva  per 
minute  in  c.c. 

Percentage 

organic 

substance. 

Percentage  of 
salts. 

Remarks. 

I. 

12.0 

2-0 

•83 

1-827 

•654 

11. 

12.12 

2-5 

•356 

2-102 

•657 

Dyspnoea. 

III. 

12..36 

2-0 

•348 

1-669 

•556 

IV. 

2.0 

2-6 

•52 

•784 

•515 

V. 

2.24 

3-0 

•44 

•760 

■651 

Dyspnoea. 

VI. 

.3.13 

3-2 

•64 

•627 

•522 

The  rates  of  flow  given  for  II.  to  VI.  are  all  a  little  too  high,  since  the  duration  of  stimulation  is  here 
taken  as  the  duration  of  secretion  of  saliva.  There  was  usually  a  secretion  of  something  less  than  a 
drop  of  saliva  after  the  end  of  each  stimulation. 


Ill  this  experiment  dyspnoea  produces  more  marked  effects ;  it  reduces  the  rate  of 
secretion  of  all  the  constituents  of  saliva,  and  presumably  by  decreasing  the  irritability 
of  the  gland-cells.  But  its  effect  on  the  various  constituents  of  saliva  is  unequal ;  it 
reduces  the  rate  of  secretion  of  water  most,  and  in  consequence  the  percentage  com¬ 
position  of  the  saliva  is  altered. 

Saliva  II.,  collected  during  dyspnoea,  is  secreted  at  less  than  half  the  rate  of 
saliva  1.,  but  it  has  nevertheless  an  equal  percentage  of  salts,  and  about  H  per  cent, 
more  salts  than  saliva  III.,  secreted  at  nearly  the  same  rate.  So,  also,  saliva  Y., 
collected  during  dyspnoea,  although  secreted  distinctly  more  slowly  than  salivas  lY. 
and  YL,  before  and  after  it,  has  ’13  to  ’14  per  cent,  more  salts. 

With  regard  to  the  percentage  of  organic  substance,  it  is  in  the  first  case  of  dyspnoea 
increased,  and  in  the  second  decreased,  but  less  than  it  would  otherwise  have  been. 
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An  example'  of  the  effect  of  dyspnoea,  when  the  saliva  is  obtained  by  injecting  pilo- 
carpin,  is  given  in  Experiment  7. 


Table  VIT. 


Rate  of 
secretion 
per  minute, 
in  c.c. 

Percentage 

of 

organic 

substance. 

Percentage 
of  salts. 

Saliva  obtained  by 

VI. 

-.360 

1-547 

•529 

Pilocarpiu  and  stimulating  chorda. 

VII. 

•250 

•446 

•474 

Pilocarpin. 

VIII. 

•:3II 

-517 

•557 

More  pilocarpin  during  dyspnoea. 

There  is  here  an  increase  in  the  percentage  of  salts  during  dyspnoea,  but  the  results 
are  complicated  by  the  earlier  procedure  in  the  experiment. 

Dyspnoea  appears  also  to  have  an  after-effect,  tending  to  increase  the  percentage 
of  salts,  and  possibly  also  of  organic  substance,  in  the  saliva  subsequently  secreted ; 
but  this  after-effect  is  not  great  and  soon  disappears. 

The  prominent  effect  of  not  too  prolonged  dyspnoea  is  that,  whilst 
decreasing  the  rate  of  secretion  of  saliva,  it  increases  the  percentage  of 
salts,  and  tends  to  increase  the  percentage  of  organic  substance  in  the 
saliva. 


Effect  of  Clamping  the  Carotid. 

When  one  carotid  is  clamped,  the  blood  flow  through  the  sub-maxillary  gland  is,  as 
is  well  known,  not  stopped,  but  simply  diminished,  the  degree  of  diminution  varying 
in  different  cases.  We  have  tried  the  effect  of  clamping  the  carotid  on  the  composi¬ 
tion  of  saliva  in  a  few  cases  only;  the  effect,  however,  is  marked:  clamping  the 
carotid  increases  the  percentage  of  salts  in  saliva  hoth  during  the  pteriod 
of  clamping  and  for  a  short  time  afterwards. 


Experiment  7. 
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It  will  be  seen  on  comparing  I.  and  II.  that  clamping  the  carotid  increases  the 
percentage  of  salts  from  '499  to  ‘512,  although  the  rate  of  secretion  falls  from 
1’55  c.c.  to  ’50  c.c.  a  minute;  so  also  in  IX.,  clamping  the  carotid  during  dyspnoea 
increases  the  percentage  of  salts  considerably  more  than  does  dyspnoea  alone  (VIII.). 

It  will  be  seen  also  that  clamping  the  carotid  has  a  very  great  after-effect ;  this  is, 
in  fact,  in  III.  and  V.  greater  than  the  effect  whilst  the  carotid  is  clamped ;  thus  m 
III.,  collected  after  removing  the  clamp  from  the  carotid,  the  percentage  of  salts  rises 
from  '512  to  '674,  whilst  the  rate  of  secretion  falls  from  ‘5  c.c.  a  minute  to  *128. 
That  the  after-effect  is  slight  on  clamping  for  the  third  time  may  have  been  due  to 
the  much  longer  duration — half-an-hour — of  the  closure  of  the  carotid. 

Clamping  the  carotid  increases  also  somewhat  the  percentage  of  organic  substance 
above  that  which  corresponds  to  the  rate  of  secretion  of  saliva  [cf.  VIII.  and  IX.). 

A  similar  result  was  obtained  in  Experiment  8. 

Table  VIII. 


Secretioia  obtained  by  injecting  pilocarpin. 


Rate  of  secretion 
per  minute  in  c.c. 

Percentage  of 
salts. 

Remarks. 

I. 

•675 

•559 

11. 

•250 

•420 

VII. 

•333 

•660 

Dyspnoea,  carotid  clamped. 

VIII. 

■417 

•572 

Collected  8  min;  after  unclamping  carotid. 

The  Effect  of  Loss  of  Blood. 

The  details  with  regard  to  this  are  given  on  p.  130,  together  with  the  effect  of 
injecting  dilute  salt  solution  into  the  blood.  It  will  be  seen  that  bleeding  decreases 
the  rate  of  secretion  and  increases  the  percentage  of  organic  substance 
in  the  saliva.  The  rate  of  secretion  of  salts  falls,  but  its  percentage  is 
greater  than  that  which  corresponds  to  the  rate  of  secretion  of  the 
saliva. 


The  Effect  of  injecting  dilute  Salt  Solution  into  the  Blood. 

When  dilute  salt  solution  is  injected  into  the  blood,  the  percentage  composition  of 
the  blood  is,  of  course,  altered.  To  the  eye,  the  tissues,  especially  the  abdominal 
viscera,  become  more  flushed,  and  the  veins  fuller.  According  to  Worm-Mull er 
and  others,  increasing  the  volume  of  the  blood  20  to  50  per  cent,  by  transfusion 
causes  no  increase  of  arterial  blood  pressure,  except  for  a  brief  time  immediately  after 
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the  injection,  since  the  small  arteries  dilate  and  all  the  capillary  areas  become  fuller. 
We  have  made  no  direct  observations  upon  the  effect  of  injecting  dilute  solutions  of 
sodium  chloride  into  the  blood  on  the  circulation  through  the  sub-maxillary  gland  ; 
in  our  experiments  the  injection  has  been  followed  by  increased  vigour  of  heart  beats ; 
since  at  the  same  time  the  amount  of  blood  in  the  body  was  increased,  we  conclude 
that,  both  during  rest  and  during  secretion,  more  blood  flows  through  the  gland 
than  normal,  and  that  the  capillary  blood  pressure  is  increased. 

We  find  that  injection  of  dilute  salt  solution  in  moderate  quantity  in¬ 
creases  the  rate  of  secretion  of  saliva  ivith  a  given  stimulus,  the  per¬ 
centage  of  salts  in  the  saliva  rising  nearly  normally ;  and.  that  injection 
of  dilute  salt  solution  in  larger  quantity  increases  further  the  rate  of 
secretion  with  a  given  stimulus,  hut  in  this  saliva  the  percentage  of  salts 
rises  much  less  than  normally,  and  may  even  fall. 


s 


MIX  CCLXXXrX. - B. 


Experiment  8. 

July  6,  1888.  Dog.  Weight  8j  kilos.  The  pilocarpin  nitrate  solution  is  injected  into  a  branch  of  the  right  crural  vein,  the  sodium  chloride 

solution  Into  a  branch  of  the  left  crural  vein.  Vngo-sjmpathetic  and  chorda  cut. 


130 


MESSRS.  J.  N.  LA^-GLEY  ARD  H.  M.  FLETCHER 


S  q 


J 

'OB 


to 

o 


*. . 


o 


g 

'T3  A 

.  O 

.3 

3  00  . 
CO  in 

o  a  6 

Ti  oi 
'fpAl  o 
o 

r-  CO  (jg 

a  PP 

jH  ce 
bB'-H  o 


a  a 
g  'a 
g  a 

O  cj 
CC  Q 

1=1 


o 

o 


: 


.  o  S 

CO 

it 

r.  =1 

s  r-; 
c4 


^  a 

^  Q  o 

^  'i: 


1  ^  ‘ 
!  ^ 

. 

)  •  <D  ' 

' 

'  o  3 

'  6 
c3  S 

o  ° 

O 


o 

Q  ^ 
o  bjG 


rP  O  i=J 
>-2  o 


p 


O  CV 

o 


>2 


0-1 


z>  o 

•  rH 

^  (D 
<D 


CO 

o  5 

o 

•r^  an 

p  p 

o 


§1 

bcYb 

^  a 

PO  Si 

^  r-P 

^  rH 

0  d 


O 


o 

a  A 

bhg 

a  _s 

CO  ^ 


§  ° 
o  o 

I—:  02 

P 

-I  P 


O 


r5 

d 

^  g 

O 


'  £•§ 
,  &;g 
^  S  g 

ro  CC 


.  CM 
-+^  * 

c  6 

|d| 

9  o 

rP 

O 
Q  JO 


I  s 

^  .a 
^  "A 

a  3 
S 

d  P 
P  O 
P  V5 


^  o 
O  02 


o 

c3 

1^; 


2  -d  rH  T3 

-4-3  .  ;h 


p 


'  o  o 


O  ^  ^ 
o 

O  JO  P 


p 

0 

P  '30 
O  CO 

-+-  I— I 

p  I 
CO  ' — f 


.#s 

c5 

p 

•  rH 

.  ^ 

PL. 

0  g 

d 

0 

O  ^ 

o 

1-0  0 

CO  a 

a 

S)  . 
a  A 

_ c3 


o 

o 

to  . 

CS  02 

Ol  o 

03 

I — i  O 

03 

CO 

03 

In. 

CD 

lO  03 

lO  o 

to 

03  CD 

CD 

o 

uO 

CO 

i  s 

u 

o 

Oh 

1.0 

ts. 

(p)  o 

lO 

lO 

lO 

'f 

fcfl.a  u 


pJO  aj 

a 


lO  oi 
oi  Ol 


T?  CO 
o  o 

OI  OI 


OI 


X  o 
Oi  o 

jiO  *o 


i-O 

O  “>0 

c;  — p 


jO  O 
i'^  1-0 
CD  OI 


o  o 
lO  o 
o  o 


L-^  CO 
CO 
X  CO 


»— ( 


lO  CO 

I— I  CO 
OI  OI 


x>. 

r~l 

OI 


t>-  lO 
6i  OI 


CO  o 
OC  CO 


o 


o  cp 
03  CO 


1-0 

di 


X 

03 


cp 

Cl 


(X 

03 


o 


03 


lO 

03  1-0 

CO  i>* 

03 

X 

o 

X 

lO  o 

03  03 

CO 

i0>  lO 

rH 

03 

CO 

lO 

03 

f-H  03 

03  03 

oi 

03  03 

rP 

03 

> 


t> 


> 


1x1  X 


M 


*  After  each  withdrawal  of  blood  the  heart-heat  could  he  hut  feebly  felt  through  the  chest-wall  ;  on  injecting  salt  solution  the  heart-beat 
k  as  strongly  felt. 
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Here  neither  the  first  injection  of  200  c.c.  NaCl  ’2  per  cent,  into  the  blood,  nor  the 
second  of  100  c.c.,  affected  appreciably  the  slow  rate  of  secretion  going  on  at  the  time, 
owing  to  the  previous  dose  of  pilocarpin  ;  but  the  secretion  obtained  after  the  first 
injection  of  NaCl  solution,  by  giving  more  pilocarpin  (III.  and  IV.)  was  unusually 
rapid  in  rate ;  and  it  seems  to  us  certain  that  this  was  due  to  the  salt  solution  leading 
to  an  increased  flow  of  blood  through  the  gland,  during  the  dilatation  of  the  small 
arteries  brought  about  by  the  additional  dose  of  pilocarpin.  At  the  same  time,  it  is 
possible  that  after  injection  of  salt  solution  more  pilocarpin  passes  through  the  gland 
in  a  given  time,  and  so  helps  to  increase  the  rate  of  secretion.  The  percentage  of 
salts  increased  in  III.  nearly  as  much  as  it  would  normally  have  done. 


There  is  some  difficulty  with  regard  to  the  percentage  of  salts  in  IV.,  V.  In  IV.  the  percentage  of 
salts  decreases  more  than  normal ;  in  V.  it  decreases  less  than  normal.  It  is  possible  that  the  former 
was  due  to  a  more  marked  action  of  the  salt  solution,  and  that  the  latter  was  due  to  the  breaking  up  of 
the  red  blood  corpuscles,  which  about  this  time  gave  rise  to  haemoglobinuria  ;  possibly,  also,  from  the 
same  cause,  the  percentage  of  salts  in  VI.  was  rather  higher  than  normal,  taking  I.  as  a  standard. 


The  third  injection  of  '2  per  cent.  NaCl — 200  c-c. — trebles  the  rate  of  secretion  which 
was  slowly  going  on  owmg  to  the  previous  injection  of  pilocarpin.  The  subsequent 
saliva  (VI.)  obtained  by  injecting  more  pilocarpin  is  rapid,  and,  judging  from  other 
experiments,  more  rapid  than  it  would  have  been  but  for  the  injection  of  the  salt 
solution. 

In  the  latter  part  of  the  experiment,  the  effect  of  injecting  salt  solution  is  much 
more  obvious ;  it  increases  the  rate  of  secretion,  and  decreases  the  percentage  of 
organic  substance  and  of  salts.  Taking  the  samples  VIII.  to  XII.  we  have — 


T.4BLE  IX. 


Bate  of 
secretion 
per  min.  in  c.c. 

Percentage 

organic 

substance. 

Percentage  of 
salts. 

Amount  in 
grams  of 
organic  sub¬ 
stance  secreted 
in  100  min. 

Amount  in 
grams  of  salts 
secreted  in 

100  min. 

Eemarks. 

VIII. 

•417 

•389 

•572 

•162 

•239 

3  mgrm.  pilocarpin  in¬ 
jected. 

IX. 

•215 

•905 

•566 

•195 

•122 

After  Avithdrawing  160 
c.c.  blood,  and  inject- 
ingSmgrm.  pilocarpin. 

X. 

•233 

•464 

•502 

•108 

•177 

After  injecting  150  c.c. 
NaCl  -2  p.c. 

XI. 

•II7 

•939 

•457 

•110 

•053 

After  withdrawing  200 
c.c.  blood, and  injecting 

3  mgrm.  pilocarpin. 

XTI. 

•217 

•374 

•436 

•081 

•095 

After  injecting  350  c.c. 
NaCl  -2  p.c. 

S  2 
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In  X.  not  only  does  the  percentage  of  salts  decrease  with  an  increased  rate  of 
secretion  of  water,  but  the  actual  rate  of  secretion  of  salts  decreases  slightly.  The 
latter  is  no  doubt  due  to  the  stimulus  being  weaker  in  X.  than  in  IX.,  owing  to  a 
partial  elimination  of  the  pilocarpin.  In  the  other  cases  the  rate  of  secretion  of  salts 
increases  with  the  rate  of  secretion  of  water. 

The  rate  of  secretion  of  organic  substance  is  not  much  affected  by  the  injection  of 
dilute  salt  solution.  This  is  clearest  at  the  end  of  the  experiment,  when  the  salt 
solution  is  injected  after  bleeding.  The  injection,  diminishing  considerably  the  per¬ 
centage  of  organic  substance  in  the  saliva,  diminishes  somewhat  the  amount  secreted 
in  a  given  time,  but  not  more  than  we  should  expect  from  the  decrease  in  the  strength 
of  the  stimulus. 

Tills,  taken  with  what  has  been  said  above  on  the  secretion  of  water  and  of  salts, 
indicates  that  the  secretion  of  organic  substance  depends  udiolly,  or  almost 
wholly,  up>‘^'^'^  strength  of  the  stimulus,  whilst  the  secretion  of  water  and 
of  salts  depends  also  upon  the  amount  of  blood  floiving  through  the  gland. 
The  same  result,  although  less  conspicuously,  follows  the  first  injection  ;  the  percentage 
of  organic  substance  in  III.  and  IV.  is  much  less  than  corresponds  to  the  rate  of 
secretion  ;  the  amount  of  organic  substance  secreted  in  a  given  time  is  greater  than  in 
I.  and  II.,  since  more  pilocarpin  was  injected,  and  thus  the  stimulus  stronger. 


Experiment  9. 

August  12,  1887.  Dog.  Weight  15  kilos.  Vago-sympathetic  cut. 
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In  this  experiment  the  injection  of  normal  salt  solution  into  the  blood  veiy  con¬ 
siderably  increases  the  rate  of  secretion  of  saliva,  and  this  increase  does  not  lead  to 
any  corresponding  increase  in  the  secretion  of  salts.  Comparing  salivas  VII.  and 
YIII.,  we  see  that,  although  in  VIII.  the  secretion  of  saliva  is  more  than  twice  as  fast 
as  in  VII.,  yet  it  contains  a  less  percentage  of  salts.  And  all  three  samples  of  sahva 
obtained  after  injection  of  normal  salt  solution  have  a  much  less  percentage  of  salts 
than  corresponds  to  their  rate  of  secretion ;  this  is  readily  seen  when  these  samples 
are  compared  with  those  similarly  obtained,  but  before  injection,  as  in  the  following 
Table  : — 


Table  X. 


Number 
of  sample. 

Manner  of  producing  secretion. 

Rate  of 
secretion. 

Percentage 
of  salts. 

VI. 

IX. 

II. 

X. 

VII. 

YIII. 

1  Stimulate  cliorda  f  —  before  injecting  NaCl  ‘6  . 

J  after  pilocarpin  given  I  —  a/ier  injecting  NaCl '6 

1  .  f  —  before  iniectino’  NaCl  '6  . 

j  Pilocarpm  •  .  •  .  |  i^/ecting  NaCl  '6  . 

1  Pilocarpm  .  -  •  •  |  feting  NaCl  '6  . 

•110  about 
•700  about 

•3.55 

•327 

•086 

•206 

•2844 

•2092 

•4008 

•1528 

•1772 

•1344 

At  the  same  time,  when  the  three  samples  of  saliva  obtained  after  the  injection  of 
salt  solution  are  compared  together,  instead  of  with  those  obtained  earlier,  it  is  found 
that  the  percentage  of  salts  in  them  follows  Heidenhain’s  law. 

Here,  as  in  Experiment  8,  the  rate  of  secretion  of  organic  substance  does  not 
increase  to  the  extent  that  it  normally  would,  with  the  increased  rate  of  secretion  of 
water. 

Effect  of  Injecting  into  the  Blood  a  2  per  cent.  Solution  of  Na^COg. 

We  have  tried  the  effect  of  injecting  a  2  per  cent,  solution  of  salt  into  the  blood  in 
one  experiment  only,  but  the  result  was  quite  decisive  as  regards  one  point:  the 
injection  considerably  increctses  the  rate  of  secretioii  obtained  by  a  stimu¬ 
lation  of  given  strength  of  the  chorda  tympani.  The  experiment  was  a  con¬ 
tinuation  of  5a  [cf  p.  123).  Three  samples  of  saliva  were  obtained,  under  normal 
conditions,  by  stimulating  the  chorda,  the  secondary  coil  being  at  1 4  ;  the  rate  of 
secretion  varied  from  1’4  to  I'S  c.c.  in  a  minute.  Then  250  c.c.  of  2  per  cent, 
solution  of  Na^COg  were  injected  into  the  blood  ;  after  this  the  chorda  was  again 
stimulated,  the  rate  of  secretion  was  2'4  to  2'8  c.c.  in  a  minute.  Further  injection  of 
500  c.c.  of  a  solution  containing  1  per  cent.  KI  and  1  per  cent.  NaCl  still  left  the  rate 
of  secretion,  on  chorda  stimulation,  higher  than  normal. 


For  first  part  of  the  Experiment  see  ha,  p.  123.  The  saliva  was  obtained  throughout  by  a  single  stimulation  of  the  chorda, 
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With  regard  to  the  effect  of  the  injection  of  the  sodium  carbonate  on  the  per¬ 
centage  of  salts  in  the  saliva,  we  have  hardly  the  means  of  arriving  at  a  well- 
grounded  conclusion.  If  we  take  the  percentage  of  salts  in  I.,  III.,  and  VI.  as  a 
standard,  allowing  a  slight  increase  in  III.  and  VI.  for  the  after-result  of  dyspnoea, 
it  appears  that  the  first  saliva,  VII.,  collected  after  injecting  sodium  carbonate  solution, 
contains  a  higher  percentage  of  salts  than  corresponds  to  its  rate  of  secretion  ;  that 
the  second  sample,  VIII.,  collected  immediately  after  VII.,  contains  about  a  normal 
percentage  ;  and  the  third,  IX.,  collected  after  an  interval  of  an  hour,  contains  rather 
less  than  the  normal  percentage  for  its  rate  of  secretion.  The  rate  of  secretion  of 
organic  substance,  and  of  salts,  as  well  as  that  of  water,  is  increased,  so  that  the 
injection  rendered  either  the  nerve  or  the  gland  more  irritable.  The  first  injection  of 
potassium  iodide  with  sodium  chloride  increases  the  percentage  of  salts  ;  the  subse- 
c|uent  two  injections  decrease  the  percentage  of  salts,  the  rate  of  secretion  in  all 
three  being  very  nearly  the  same.  The  decrease  in  the  percentage  of  salts  is  no  doubt 
due  to  the  poisonous  action  of  the  potassium  iodide,  but  it  is  not  as  yet  worth  while 
to  discuss  the  matter.  We  give  the  results  as  another  proof  of  what  we  wish  to  show, 
viz.,  the  partial  independence  between  the  secretion  of  water  and  the  secretion  of 
salts  in  saliva. 


Effect  of  Injecting  Strong  Salt  Solutions  into  the  Blood. 

Having  found  that  the  injection  of  dilute  salt  solution  into  the  blood  might  lead  to 
a  decrease  in  the  percentage  of  salts,  with  an  increased  rate  of  secretion,  we  expected 
that  the  injection  of  a  strong  salt  solution  would  very  considerably  increase  the  per¬ 
centage  of  salts  in  the  saliva.  We  find,  however,  that,  whilst  injection  of 
strong  salt  solutions  increases  the  percentage  of  salts  in  saliva,  the 
increase  is  small,  considering  the  amount  of  salts  injected. 


Experiment  10. 

July  2,  1888.  Dog.  Weight  6  kilos.  Cliordo-lingual  and  vago-sympatlietic  cut  on  left  side.  Pilocarpin  solution  nominally*  '5  p.c. 
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make  a  '5  p.c.  solution.  I  found  that  the  solution  differed  from  pilocarpin  in  causing  rather  less  secretion  of  saliva,  less  slowing  of  the  heart,  less  fall 
of  blood  pressure,  and  in  having  a  greater  paralysing  influence  on  the  secretory  libres  of  the  chorda  tympani  and  on  the  inhibitory  fibres  of  the  vagus. 
The  solution  pre})ared  in  1882,  filtered  from  some  fungus  which  had  grown  in  it,  was  iised  in  Experiment  10  (J.  N.  Langley). 
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Here  the  injection  into  the  blood  of  10  grm.  of  sodium  chloride,  dissolved  in  50  c.c. 
of  water,  increases  in  a  marked  but  not  immoderate  degree  the  percentage  of  salt  in 
the  saliva.  This  is  better  seen  by  arranging  the  results  in  the  following  manner :  — 


Table  XI. 


Rate  of  secretion 
per  minute  in  c.c. 

Percentage  of 
salts. 

I. 

Saliva  before  injecting  NaCl  solution 

•292 

•590 

III. 

Saliva  after  injecting  NaCl  solution 

•208 

•685 

TI. 

Saliva  before  injecting  NaCl  solution 

•085 

•281 

IV. 

Saliva  after  injecting  NaCl  solution 

•038 

•352 

It  will  be  noticed  that  the  slow  secretion  (IV.)  occurring  after  injection  of  the  salt 
solution  contains  a  comparatively  high  percentage  of  organic  substance  ;  since  there 
is  reason  to  suppose  that  the  strength  of  stimulus  was  less  in  this  case  than  during  the 
secretion  of  the  saliva  immediately  before  it,  we  take  the  increased  percentage  of 
organic  substance  to  be  due  to  a  lessened  secretion  of  water,  brought  about  by  the 
strong  salt  solution  interfering  with  the  blood  flow  through  the  gland.  This,  no 
doubt,  also  contributes  towards  increasing  the  percentage  of  salts  in  the  saliva. 


July  o,  1888.  Dog.  Weight,  12|  kilos.  Cliordo-liugual  and  vago-sympathetic  cut  on  left  side.  Pilocarpin  nitrate  2  per  cent.  Injection 

made  into  a  bran  eh  of  the  crural  artery  peripherally. 
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1.33.  Inject  2  mgrm.  pilocarpin.  The  heart  stops,  or  nearly  so ;  recovers  on  artificial  respiration;  but,  then,  cannot  get  secretion  of  saliva 
by  injecting  pilocarpin,  nor  by  stimulating’  the  chorda.  After  death,  the  gland  found  to  bo  distinctly  oedematous. 
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The  injection  of  strong  sodium  chloride  solution  into  the  blood  causes  here,  as  in  the 
previous  experiment,  an  increase  in  the  percentage  of  salts  in  the  saliva  secreted,  and, 
taking  the  rate  of  secretion  into  consideration,  there  is  an  increase  in  the  percentage 
of  salts  after  each  injection.  But  in  neither  experiment  does  the  percentage  of  salts 
reach  the  maximum  {'77  to  ’78  per  cent.)  which  may  be  obtained  normally  with  a 
rapid  secretion.  It  is  possible,  however,  that,  if  a  rapid  secretion  had  been  obtained, 
the  normal  maximum  percentage  of  salts  might  have  been  exceeded. 

According  to  Klikowicz,"^  the  blood,  when  strong  sodium  chloride  solution  is 
injected  into  the  circulation,  very  rapidly  gives  up  sodium  chloride  to  the  tissues,  and 
takes  up  water  from  them.t  From  these  causes  combined,  but  especially  from  the 
former,  the  injection  of  sodium  chloride  into  the  blood  does  not  lead  to  a  corre¬ 
sponding  increase  in  the  percentage  of  salts  in  it.  Thus,  Klikowicz  found  that  the 
injection  of  21  grin,  of  NaCl — in  10  per  cent,  solution — into  the  blood  of  a  Dog 
weighing  24  A  kilos,  only  increased  the  percentage  of  Cl  in  the  blood  from  ’301  to 
•435,  and  in  the  serum  from  ‘371  to  ’554;  the  blood  being  taken  two  minutes  after 
the  end  of  the  injection,  which  itself  lasted  live  minutes.  But  the  amount  of  NaCl 
injected,  if  simply  added  to  the  amount  of  blood  in  the  animal,  would  increase  the 
percentage  of  Cl  in  the  blood  by  at  least  1’2,  if  it  all  remained  in  the  plasma,  and  by 
about  half  as  much,  if  it  were  equally  distributed  between  blood  corpuscles  and 
plasma. 

In  our  experiments,  about  twice  as  much  NaCl  per  kilo,  of  body  freight  was 
injected  as  in  Kltkowicz’s  experiments.  By  the  light  of  Klikowicz’s  results  we 
should  suppose  that  in  our  experiments  the  percentage  of  salts  in  the  plasma,  during 
the  collection  of  saliva,  varied  from  1  to  1'5  per  cent. 

In  Experiment  11,  the  injection  of  strong  salt  solution  not  only  increases  the  per¬ 
centage  of  salts  in  the  saliva,  but  also  the  percentage  of  organic  substance ;  this  is 
very  markedly  the  case  in  V.  In  V.  the  small  rate  of  secretion  makes  it  unlikely  that 
the  salt  solution  exerts  a  stimulating  action  on  the  gland.  An  indirect  action  may 
take  place  by  means  of  the  blood  vessels.  The  salt  solution  may  diminish  the  normal 
blood  flow  through  the  gland,  either  by  weakening  the  heart  beat,  or  by  counteracting 
the  vaso-dilator  effect  of  pilocarpin.  And  this  would  be  sufficient  to  account  for  the 
rise  in  percentage  of  the  organic  substance,  and  for  a  part  of  the  rise  in  percentage  of 
the  salts. 

Since  it  seemed  possible  that  a  mixture  of  the  various  salts  found  in  saliva  might 
have  a  greater  effect  than  sodium  chloride  alone,  we  tried  one  experiment,  injecting 
into  the  blood  a  sohition  containing  about  19  per  cent,  of  the  salts  found  in 
saliva,  viz.  : — 


*  Klikowicz,  ‘  Arcbiv  f.  Anat.  u.  Physiol.  (Physiol.  Abth.),’  1886,  p.  534. 

t  The  injection  of  strong  sodium  chloride  caused  the  snh-maxillary  gland  in  both  of  our  experiments 
to  become  somewhat  cedematous. 
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Per  cent. 

Sodium  chloride .  7'730 

Potassium  ctloride . 4'600 

Sodium  carbonate . 4‘510 

Potassium  sulphate . 1'045 

Calcium  carbonate .  ’750 

Calcium  phosphate .  '565 

19-200 


COg  was  passed  tlirough  this  to  dissolve  as  far  as  possible  the  calcium  salts,  and  the 
mixture  was  then  filtered. 


<,  1888.  Dog.  Weight,  16^  kilos.  Chordo-lingual  and  vago-sympathetic  cut.  The  pilocarpin  nitrate  was  injected  into  a  branch  of  the  crural 
vein  centrally ;  the  salt  solution  was  injected  into  a  branch  of  the  crural  artery  peripherally. 
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In  this  experiment,  we  may  take  as  normal  the  first  three  samples  of' saliva  secreted 
under  the  influence  of  pilocarpin,  before  the  solution  of  salts  was  iujected,  and  compare 
with  these  the  saliva  secreted  after  the  injection  of  salts.  Samples  X.  and  XII.  we 
omit  from  the  following  Table,  and  consider  them  later  p.  147),  since  we  think  that 
the  percentage  of  salts  in  these  was  largely  influenced  by  the  considerable  dose  of 
pilocarpin  given. 

Table  XIT. 


Rate  of  secretion 
per  minute  in  c.c. 

Percentag 

salts. 

I. 

•156 

•213 

III. 

•500 

•341 

II. 

1-500 

•600 

tiv. 

•362 

•355 

III. 

•600 

•341 

tv. 

1-200 

•522 

II. 

1-500 

•600 

III. 

•500 

•341 

fVI. 

•533 

•385 

V. 

•500 

•341 

tvil. 

•520 

•340 

tvill. 

•443 

•284 

III. 

•500 

•341 

II. 

1-500 

•600 

tix. 

1-850 

•695 

txi. 

1-067 

•509 

II. 

1-500 

•600 

Variation  in 
percentage  of  salts 
corresponding  to 
a  variation  of  '01  c.c. 
a  minute  in  rate  of 
secretion. 


•0037 

•0026 


•0026 

•0133 


•001 

•0027 

•0021 


Remarks. 


Normal. 


Immediately  after  injecting  50  c.c. 
19  p.  c.  salts  ;  percentage  of  salts 
ill  IV.  much  above  normal. 

Percentage  of  salts  in  V.  slightly 
higher  than  normal. 

Percentage  of  salts  in  VI.  above 
normal. 

Percentage  of  salts  in  VII.  above 
normal,  and  more  so  than  in  VI. 

Immediately  after  injecting  50  c.c. 
19  p.  c.  salts  ;  percentage  of  salts 
in  VIII.  above  normal,  but  less 
so  than  in  VII. 

Percentage  of  salts  in  IX.  slightly 
above  normal. 

Percentage  of  salts  in  XI.  normal, 
or  nearly  so. 


It  will  be  seen  from  the  above  Table  that,  of  the  tliree  rapid  secretions  obtained 
after  the  injection  of  salts  into  the  blood  (V.,  IX.,  XL),  two  (V.  and  IX.)  have 
apparently  a  slightly  higher  percentage  of  salts  than  normal. 

The  slower  secretions  (IV.,  VI.,  VII.,  VIII.)  have  all  a  higher  joercentage  of  salts 
than  normal,  and  this  is  very  marked  in  IV.,  which  was  taken  soon  after  injecting 
salts  into  the  blood. 

That  is  to  say,  ivith  an  increase  of  salts  in  the  blood  ivhich  leaves  the  secre¬ 
tory  2)oiver  of  the  gland  unaffected,  the  jgercentage  of  salts  is  relatively 
more  increased  ivith  slowly  secreted  than  ivith  rapidly  secreted  saliva. 


144 


MESSRS.  J.  N.  LANGLEY  AND  H.  M.  FLETCHER 


The  considerable  increase  in  salts  in  IV.  is,  we  think,  due  to  some  interference  with 
the  circulation  through  the  gland,  for  this  contains  a  higher  percentage  of  organic 
substance  than  the  more  rapidly  secreted  saliva  III. 

General  Remarks  on  the  Effect  on  the  Secretion  of  Salts  and  Injecting 

Salt  Solution  into  the  Blood. 

We  have  seen  that,  when  the  volume  of  the  blood  is  increased  to  any  considerable 
extent  by  salt  solution  varying  from  '2  to  2  per  cent.,  the  rate  of  secretion  for  a  given 
stimulus  is  increased.  This  we  take  to  be  due  to  a  larger  quantity  of  blood  passing- 
through  the  gland  ;  and  from  this,  together  with  the  fact  that  bleeding  decreases  the 
rate  of  secretion,  we  conclude  that,  within  certain  limits,  the  amount  of  water  secreted 
for  a  given  stimulus — with  a  given  irritability  of  the  gland — varies  directly  with  the 
amount  of  blood  passing  through  the  gland. 

The  increased  secretion  of  water  brought  about  by  increased  blood-flow  is  accom¬ 
panied,  unless,  perhaps,  when  the  blood  is  excessively  diluted,  by  an  increase  in  the 
secretion  of  salts.  The  extent  of  the  increase  depends  upon  the  percentage  of  salts 
in  the  blood  ;  if  the  percentage  of  salts  in  the  blood  be  sufficiently  diminished,  the 
increase  in  the  amount  of  salts  secreted  does  not  keep  pace  with  the  increase  in  the 
secretion  of  water,  and,  consequently,  the  percentage  of  salts  in  the  saliva  falls.  If 
the  percentage  of  salts  in  the  blood  be  sufficiently  increased,  that  of  the  saliva  will 
also  be  increased. 

We  have  made  no  direct  experiments  upon  the  effect  of  increasing  the  volume  of 
the  blood  without  altering  the  percentage  of  salts  in  it ;  but  we  are  inclined  to  think, 
from  a  consideration  of  Experiment  4,  that  in  such  case,  and  with  a  given  stimulus, 
the  secretion  of  water  would  be  more  increased  than  the  secretion  of  salts  ;  that  is, 
that  the  percentage  of  salts  would  increase  with  the  increase  of  flow,  but  rather  less 
than  normally. 

In  Experiment  4,  the  saliva  is  obtained  before  and  after  giving  a  small  dose  of  atropin.  After  snob  a 
dose,  stimulation  of  the  chorda  tympani  •with  strong  induction  shocks,  or  the  injection  of  large  doses  of 
pilocarpin,  produces  on  the  gland  the  effect  of  a  weak  stimulus  only,  in  so  far  that  the  secretion  of  water 
is  slow,  and  the  percentage  of  organic  substance  and  of  salts  in  it  is  small.  But  the  stimuli  are  still 
able  to  produce  a  maximal,  or  nearly  maximal,  effect  on  the  small  arteries.  Hence,  then,  in  Experi¬ 
ment  4,  the  samples  of  saliva  III.  to  VI.  inclusive  are  obtained  under  conditions  of  more  copious  blood 
supply  than  normally  accompanies  a  weak  stimulation  of  the  gland.  Taking  I.  as  a  standard,  we  think 
that  III.  to  VI.  contain  a  smaller  percentage  of  salts  than  corresponds  with  their  rate  of  secretion. 


Variation  in  the  Percentage  of  Salts  in  Saliva  Secreted  under  the 

Influence  of  Pilocarpin. 

In  comparing  samples  of  saliva  secreted  at  different  rates  under  the  influence  of 
pilocarpin,  we,  of  course,  leave  out  of  account  those  in  which  one  sample  is  secreted 
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before  and  another  after  bleeding,  clamping  the  carotid,  or  other  treatment  which 
may  modify  the  character  of  the  saliva  subsequently  secreted.  We  take  only  those 
cases  in  which  the  two  or  more  samples  of  saliva  are  obtained  in  succession  by 
pilocarpin.  The  number  of  the  sample  of  saliva  will  show  whether  it  was  secreted  at 
the  beginning  of  an  experiment  or  not. 

There  are  eight  cases  in  which  the  saliva  obtained  by  pilocarpin  can  be  compared ; 
in  six  of  these  the  percentage  of  salts  follows  Heidenhain’s  law.  In  consequence  of  the 
effect  of  pilocarpin  upon  the  heart  and  upon  the  small  arteries,  we  should  not  expect 
to  find  that  the  statement  we  have  made  above  with  regard  to  chorda  saliva — viz., 
that,  with  equal  increments  in  the  rate  of  secretion,  the  increments  in  the  percentage 
of  salts  become  less — should  necessarily  hold  with  regard  to  pilocarpin  saliva.  But 
five  of  the  six  cases  which  follow  Heidenhain’s  law  show  more  or  less  distinctly  that 
the  statement  is  also  true,  under  certain  conditions,  with  saliva  obtained  by  pilocarpin. 


Table  XIII. 


Increase  in 

Rate  of 

percentage  of  .salts 

secretion 

Percentage 

corresponding  to 

per  minute 

of  .salts. 

an  increase  of 

in  c.c. 

•01  c.c.  a  minute 

in  rate. 

Ex.  10.  TI. 

I. 

•085 

•292 

•281 1 
•590/ 

•0149 

Ex.  7.  XII. 

•116 

•424'! 

•02  'I 

X. 

•125 

•4421 

XI. 

•192 

•476/ 

•0051  J 

Ex.  4.  V. 

•182 

•2381 

•0062 

IV. 

•376 

•358/ 

Ex.  12.  I. 

•156 

•213 1 

•0037  ) 

III. 

•500 

•341 1 

II. 

1-500 

•600/ 

•0026  / 

Ex.  8.  II. 

•250 

•4201 

•0033  1 

I. 

•675 

•559  I 

III. 

1-650 

•752  / 

-0019  J 

Ex.  9.  11. 

I. 

•855 

•750 

.4011 

-403/ 

•0003 

V. 

IV. 

•490 

•700 

•5151 
•525  / 

•0005 

Weight  of 
Dog- 
in  kilos. 


'  { 

f 

1 

-  { 


15 


^  { 


15 


-  { 


Eemarks. 


3  mgrm.  pilocarpin  injected  be¬ 
fore  I. 


4  mgrm.  pilocarpin  injected  be¬ 
fore  X.,  8  mgrm.  before  XL, 
15  mgrm.  before  XII. 

7'5  mgrm.  pilocarpin  injected  be¬ 
fore  V. 


3  mgrm.  pilocarpin  injected  be¬ 
fore  I.,  and  3  mgrm.  before  II. 


3  mgrm.  pilocai’pin  injected  be¬ 
fore  I.,  and  3  mgrm.  before  III. 
The  percentage  of  salts  in  11. 
may  have  been  slightly  dimi¬ 
nished  by  the  injection  of  NaCl 
•2  p.  c.  (c/.  p.  22). 

5  mrgm.  piloca.rpin  injected  he- 
fore  I. 

5  mrgm.  pilocarpin  injected  be¬ 
fore  IV. 


TT 
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In  Experiment  9,  it  is  clear  that  the  fall  in  the  percentage  of  salts  is  too  slow  com¬ 
pared  with  the  fall  in  the  rate  of  secretion.  The  probable  reason  of  this  we  will 
consider  with  the  two  cases  in  which  the  percentage  of  salts  did  not  follow 
Heidenhain’s  law.  These  are — 

Table  XIV. 


Eate  of 
secretion 
per  minute 

Percentage 
of  salts. 

Weight  of 
Dog 

in  kilos. 

1 

Remarks. 

iu  c.c. 

1 

Ex.  11.  I. 

■700 

■347  I 

12i  1 

5  mgrm.  pilocarpin  injected  be- 

II. 

■675 

■401  / 

fore  I. 

Ex.  12.  IX. 

1^850 

•695  •] 

r 

2  mgrm.  pilocarpin  injected  be- 

X. 

XL 

1-650 

1-067 

■713  1 
■509  f 

151  < 

foi’e  IX.,  4  mgrm.  before  X., 

4  mgrm.  before  XI.,  8  mgrm. 

XII. 

■950 

■543  J 

L 

before  XII. 

The  explanation  of  the  variations  found  in  experiments  9,  11,  12  we  take  to  be  that 
the  pilocarpin  did  not  bring  about  the  normal  increase  in  the  blood  flow  through  the 
gland.  In  the  absence  of  direct  observations  on  the  blood  flow  in  these  cases,  we 
cannot,  of  course,  positively  assert  that  the  explanation  we  give  is  the  true  one,  but 
there  are  certain  facts  somewhat  in  favour  of  it. 

In  Experiment  11,  the  rate  of  secretion  of  organic  substance  is  rather  faster  in 
II.  than  in  I. : — 

Table  XV. 


Amount  of  organic 
substance  secreted 

ill  100  min. 

I. 

■2275 

11. 

■2322 

So  that  presumably  the  stimulus  to  the  gland-cells  either  was  a  little  stronger  in  II. 
than  in  I.,  or  the  gland  had  increased  in  irritability ;  but,  since  the  rate  of  secretion 
of  water  was  rather  slower  in  II.,  despite  this,  it  is  probable  that  the  blood  flow 
through  the  gland  was  less  in  amount  in  II. 

In  Experiment  9,  the  salts  fall  with  the  falling  secretion,  but  less  than  normally  ; 
but,  since  the  percentage  of  organic  substance  also  falls  less  than  normally,  the  cause 
of  the  variation  may  be  that  the  water  is  secreted  less  rapidly  than  corresponds  with 
the  strength  of  stimulus  and  a  full  blood  flow ;  that  is  to  say,  the  percentage  of  salts 
falls  less  than  normally  because  the  flow  of  blood  through  the  gland  falls  more  than 
normally. 

Lastly,  we  have  to  consider  the  exceptions  from  Heidenhain’s  law  in  Experiment  1 2. 
If  we  compare  the  percentage  of  salts  in  IX.  and  XI.  with  that  in  II.,  we  see  that 
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both  contain  very  nearly  a  normal  percentage  of  salts,  it  being,  we  think,  a  trifle 
higher  than  normal  in  IX.  on  account  of  the  injection  of  salts  taking  place  shortly 
before  {cf.  p.  142).  The  exceptions  to  the  law  are  X.  and  XII. 

Taking  the  rate  of  secretion  of  organic  substance  in  IX.  to  XII.,  we  have  : — 


Table  XVI. 


Amount  of  organic 
substance  secreted  in 

100  min. 

IX. 

•947‘2 

X. 

1-5394 

XL 

•9891 

XII. 

1-3376 

^.e.,  the  stimulus  to  the  gland,  as  indicated  by  the  rate  of  secretion  of  organic  substance, 
was  considerably  greater  in  X.  and  XII.  than  in  IX.  and  XI.  In  X.,  notwithstanding 
the  stronger  stimulus,  less  water  is  secreted  than  in  IX.  ;  probably,  then,  during  the 
secretion  of  saliva  X.  less  blood  was  flowing  through  the  gland.  And  this  is  the 
more  likely  in  this  instance,  for,  when  successive  doses  of  pilocarpin  are  injected  into 
the  blood,  they  produce  less  and  less  increase  of  the  blood  flow  through  the  gland. 
But,  as  we  have  seen,  a  decreased  flow  of  blood  during  an  increased  stimulus  is  adequate 
to  cause  an  increase  in  the  percentage  of  salts.  A  similar  line  of  argument  applies  to 
XI.  and  XII. 

A  comparison  of  IX.  and  XII.  shows  that  there  remains  an  intimate  connection 
between  the  percentage  of  salts  and  the  rate  of  secretion  of  water,  for  XII.  secreted, 
if  the  foregoing  reasoning  is  sound,  under  the  influence  of  a  stronger  stimulus  than 
IX.  and  with  less  blood  flow,  and  in  consequence,  having  a  higher  percentage  of  salts 
than  normal,  has  nevertheless  a  considerably  lower  percentage  of  salts  than  IX., 
which  is  secreted  at  a  rapid  rate. 

We  may  consider  here  one  or  two  other  results  bearing  on  this  question.  In 
Experiment  7  (X.  to  XII.),  increasing  the  quantity  of  pilocarpin  given,  increases  the 
rate  of  secretion’  of  organic  substance  very  much  more  than  it  increases  the  rate 
of  secretion  of  water  or  of  salts.  When  a  fairly  large  dose  of  pilocarpin  is  given 
at  the  beginning  of  an  experiment,  a  rapid  secretion  of  saliva  takes  place  and  the 
percentage  of  organic  substance  in  it  is  high.  Subsequent  doses  produce  a  less 
and  less  rapid  secretion  of  saliva ;  so  that,  although  the  percentage  of  organic  sub¬ 
stance  remains  high,  the  rate  of  secretion  of  organic  substance  much  diminishes.  At 
the  same  time,  there  is  a  great  decrease  in  the  irritability  of  the  chorda  tympani, 
shown  by  the  fact  that  electrical  stimulation  of  the  chorda  tympani  has  very  little 

*  Langley,  ‘Journal  of  Anat.  and  Physiol.,’  vol.  11,  1876,  p.  176;  and  ‘Journal  of  Physiology,’ 
vol.  1,  1878,  p.  366. 
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effect.  It  follows  from  this,  since  there  is  good  ground  for  supposing  that  pilocarpin 
causes  a  secretion  by  stimulating  the  endings  of  the  chorda  tympani,  that  pilocarpin 
also  is  unable  to  stimulate  strongly  the  gland.  The  high  percentage  of  organic 
substance,  then,  in  the  saliva  secreted  slowly  after  repeated  doses  of  pilocarpin  must 
in  the  main  be  referred  to  the  diminished  blood  supply  to  the  gland.  And  it  is 
proba,ble  that  the  percentage  of  salts  in  the  saliva,  though  higher  than  normal,  is  not 
very  greatly  so,  because  the  stimulus  to  the  gland  is  far  from  the  normal  maximum. 
In  this  way  we  should  explain  the  results  of  Experiment  7,  X.  to  XII. 

An  instance  of  an  increase  in  the  percentage  of  salts  caused  directly  by  an  increased 
stimulus,  and  not  indirectly  by  increasing  the  rate  of  secretion  of  water,  is,  perhaps, 
given  in  Experiment  4.  In  sample  VI.,  stimulation  of  the  chorda  has,  in  consequence 
of  the  previously  injected  atropin  and  pilocarpin,  a  barely  appreciable  effect  on  the 
rate  of  secretion  of  water,  but  it  increases  the  percentage  of  organic  substance  and  of 
salts  above  that  of  V.,  secreted  previously  to,  and  at  the  same  rate  as,  VI. 

The  Effect  of  a  small  dose  of  Atropin  upon  the  Percentage  Composition 

OF  Saliva. 

It  has  been  argued  by  one  of  us*  that  atropin  paralyses  “  secretory”  and  “trophic” 
fibres  simultaneously.  The  results  of  Experiments  4  and  9  offer  some  confirmation  of 
this. 

In  both  of  these  experiments  a  small  dose  of  atropin  is  given,  such  that  a  stimula¬ 
tion  of  the  chorda  and  injection  of  pilocarpin  still  produce  some  secretion.  If  atropin 
affected  the  “secretory”  before  the  “trophic”  fibres,  the  saliva  obtained  after  atropin 
has  been  given  should  contain  a  high  percentage  of  organic  substance  in  proportion  to 
its  rate  of  secretion.  This  is  not  the  case ;  on  the  contrary,  the  percentage  of  organic 
substance  is  small ;  the  percentage  is,  in  fact,  so  small  that  it,  at  first  sight,  appears 
as  if  the  “  trophic  ”  fibres  were  affected  more  than  the  “  secretory  ”  fibres  by  the 
atropin.  But  we  have  seen  that  the  secretion  of  water  depends  in  part  upon  the 
amount  of  blood  flow  through  the  gland.  In  these  experiments,  after  atropin  had 
been  given,  the  stimulation  of  the  chorda  and  the  injection  of  pilocarpin  caused  a 
copious  blood  flow,  with  but  slight  activity  of  the  gland  cells ;  hence,  the  secretion  of 
water  was  abnormally  increased. 

Sub-lingual  Saliva. 

WertherI  has  shown  that  the  sub-lingual  saliva  of  the  Dog  contains  a  very  high 
percentage  of  salts,  and  a  rather  low  percentage  of  organic  substance.  The  three 
analyses  given  by  him  are  as  follows  : — 

*  Langley,  ‘  Journal  of  Physiology,’  vol.  9,  1888,  p.  56. 
t  Werthee,  ‘  Archiv.  f.  d.  ges.  Physiol.,’  vol.  38,  1886,  p.  298. 
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Table  XVII. 


Percentage  of 
organic  substance. 

Percentage  of 
salts. 

Percentage  of 
solids. 

I. 

•19 

1-34 

1-53 

II. 

•43 

•94 

1-37 

III. 

•34 

•94 

1-28 

,  Since  Werther’s  are  the  only  observations  on  the  subject,  we  collected  the  saliva 
secreted  by  the  left  sub-lingual  gland  during  the  course  of  Experiment  12.  In  about 
if  hour,  2‘6  c.c.  of  saliva  were  secreted.  This  was  analysed,  with  the  following 
result : — 

Table  XVIII. 


Percentage  of 
organic  substance. 

Percentage  of 
salts. 

Percentage  of 
solids. 

•602 

1-034 

1-636 

The  result  confirms  Werther’s  observations  as  to  the  high  percentage  of  salts ;  the 
percentage  of  organic  substance  is,  however,  somewhat  higher  than  in  his  analyses. 
In  the  course  of  our  experiment,  19  grin,  of  salts  were  injected  into  the  blood ;  this, 
taken  in  conjunction  with  Werther’s  observations,  shows  that  the  injection  into  the 
blood  of  a  considerable  amount  of  salts  has  very  little  effect  upon  the  secretion  of  salts 
by  the  sub-hngual  gland. 

The  Rapidity  of  Secretion  of  certain  Salts  when  Injected  into  the  Blood. 

We  have  tried  also  two  experiments  on  the  rapidity  with  which  substances  injected 
into  a  vein  appear  in  the, saliva.  In  these  experiments  pilocarpin  was  injected  with 
the  substances  to  be  observed,  and  each  successive  three  drops  of  saliva  secreted 
collected  separately  and  tested.  We  found  that  ; 

1.  On  injection  of  50  c.c.  of  lithium  citrate  into  the  blood,  the  first  drop  secreted, 

both  from  the  sub-maxillary  and  from  the  parotid  gland,  showed  the  lithium 
band  in  the  spectroscope. 

2.  On  injection  of  50  c.c.  of  potassium  iodide  into  the  blood,  this  salt  was  present 

in  all  the  drops  of  saliva  after  the  first  six.  The  potassium  iodide  was  first 
detected  in  the  sub-maxillary  saliva,  as  the  secretion  from  this  gland  was  more 
rapid  than  that  from  the  parotid.  The  presence  of  potassium  iodide  was 
observed  by  adding  to  the  saliva  a  little  starch  solution  and  then  a  drop  or 
two  of  strong  nitric  acid.  There  may,  of  course,  have  been  traces  of  potassium 
iodide  in  the  first  drops  of  saliva,  which  this  test  failed  to  show. 
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3.  The  excrertion  of  the  salts  injected  continued  during  the  whole  of  the  experiment 

— two  to  three  hours. 

4.  For  a  given  amount  of  saliva,  the  parotid  secreted  more  potassium  iodide  than 

the  sub-maxillary  gland. 

5.  On  injecting  potassium  ferrocyanide  1  per  cent,  into  the  blood,  no  trace  of  it 

could  at  any  time  be  found  in  the  saliva. 

6.  On  injecting  sulphindigotate  of  soda  into  the  blood,  no  indigo  white  could  be 

found  in  the  saliva.  We  tried  this  because  it  seemed  possible  that  the  known 
absence  of  sulphindigotate  of  soda  from  the  salivary  secretion,  after  copious 
injection  of  it  into  the  blood,  might  be  due  to  its  conversion  into  indigo- white. 

The  Recent  Observations  of  Novi. — After  we  had  completed  our  experiments 
and  nearly  finished  our  account  of  them,  we  received  a  separate  cojiy  of  a  paper  by 
Novi  on  the  effect  of  injecting  a  strong  solution  of  sodium  chloride  into  the  blood  on 
the  percentage  of  chlorine  in  saliva. 

Novi’s  observations,  undertaken  at  the  suggestion  of  Ludwig,  were  made  on  Dogs, 
and  in  the  following  manner  : — About  80  c.c.  of  blood  were  withdrawn  from  the  Dog, 
then  saliva  collected  ;  after  this  a  10  per  cent,  solution  of  salt  was  injected  into  the 
blood,  a  fresh  sample  of  saliva  collected,  and  a  further  portion  of  blood  withdrawn. 
This  was  repeated  one  or  more  times,  according  to  the  weight  of  the  animal  and  the 
freedom  of  secretion  of  saliva.  The  percentage  of  chlorine  in  the  several  samples  of 
blood  serum  and  of  saliva  was  then  determined.  The  chief  results  obtained  were  : 

1.  That  an  increase  of  chlorine  (as  chlorides)  in  the  blood  plasma  increases  the 

percentage  of  chlorine  in  the  saliva  with  a  given  rate  of  secretion,  and  may 
increase  it  with  a  slower  rate  of  secretion. 

2.  That  with  a  rapid  rate  of  secretion  an  increase  of  chlorine  in  the  blood  plasma 

may  increase  the  percentage  of  chlorine  in  the  saliva  above  the  maximum  that 
can  normally  be  obtained. 

With  the  former  of  these  results  our  observations  are  in  the  main  in  aoreement, 
but  we  find  that  an  increase  in  the  salts  in  plasma  which  does  not  interfere  with  tlie 
secretory  power  of  the  gland  has  very  little  effect  on  the  percentage  of  salts  in  saliva 
as  long  as  the  secretion  of  water  is  rapid,  and  that  the  increase  in  the  percentage  of 
salts  which  take  place  with  a  slower  secretion  is  partly  due  to  the  injection  of  strong 
salt  solution  leading  to  a  decreased  blood  ffow  through  the  gland  [cf.  p.  136,  et  seq.). 

The  latter  of  these  results,  our  observations  leave  undecided.  For,  whilst,  on  the 
one  hand,  we  never  obtained  after  injection  of  salts  into  the  blood  so  high  a  percentage 
of  salts  in  the  saliva  as  can  be  obtained  normally,  on  the  other,  we  only  once  obtained  a 
rapid  secretion  (Experiment  12,  IX.)  after  the  injection  of  salts  ;  and  it  is  possible  that 
in  this  case  the  rate  of  secretion  was  less  than  the  maximum,  and  that  an  insufficient 
amount  of  salts  was  injected. 
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At  the  same  time,  it  may  bo  pointed  out  that  Novi  observed  an  increase  above  normal  in  the  percentage 
of  chlorine  in  saliva  in  thi'ee  cases  only,  and  these  only  slightly  exceed  the  maximum  known  to  occur  in 
normal  saliva.  The  maximum  found  by  Wertiier  in  normal  saliva  is  ‘352  per  cent. ;  in  the  thi’ee  cases  of 
Novi,  mentioned  above,  the  percentages  of  chlorine  are  '360,  '363,  '382,  and  Novi  mentions  that  the 
error  in  estimation  of  the  chlorine  may  be  as  much  as  ’03  per  cent. 


Novi  also  found  that,  when  the  chlorine  in  serum  was  increased  to  ’7  per  cent.,  no 
more  saliva  could  be  obtained  from  the  gland.  His  method  of  obtaining  saliva  was  to 
place  dilute  acids  or  weak  ammonia  in  the  mouth,  and  so  to  set  up  a  secretion  reflexly. 
In  our  Experiments  10  and  11,  the  injection  of  strong  salt  solution  distinctly  lowers 
the  amount  of  saliva  that  could  be  obtained  from  the  gland  by  stimulating  the 
chorda  tympani  and  by  pilocarpin,  and,  when  injected  in  sufficient  amount,  prevented 
all  secretion  from  taking  place.  Hence,  it  seems  to  us  probable  that,  if  the  injection 
of  salts  can  lead  to  an  increase  in  the  percentage  of  salts  in  the  saliva  above  normal, 
the  amount  of  salts  injected  must  be  regulated  with  great  nicety. 


Some  Remarks  on  the  Theory  of  Secretory  Nerves. 

We  do  not  propose  to  discuss  the  question  whether  there  is  more  than  one  kind 
of  secretory  nerve  ;  but  there  are  some  facts  in  the  foregoing  experiments  bearing  on 
the  question  which  we  cannot  leave  without  mention. 

The  most  striking  of  these  is  the  effect  of  bleeding  in  Experiment  8.  The  loss  of 
blood  causes  an  increase  in  the  percento.ge  of  organic  substance  in  the  saliva.^  This 
tends  to  show  that  with  a  given  stimulus  the  percentage  of  organic  substance 
increases  as  the  blood-flow  through  the  gland  decreases.  Further,  the  actual  rate  of 
secretion  of  organic  substance  is  somewhat  decree, sed  by  loss  of  blood,  and  this  may 
be  fairly  interpreted  as  meaning  that  with  a  lessened  blood  supply  the  gland-cells 
become  less  irritable.  Lastly,  loss  of  blood  increases  the  percentage  of  salts  much  less 
than  it  increases  the  percentage  of  organic  substance ;  that  is  to  say,  the  secretion  of 
salts  is  much  less  affected  by  the  strength  of  stimulus  than  the  secretion  of  oi’ganic 
substance. 

Hence,  it  would  appear  that  with  a  given  stimulus  to  the  gland-cells  a  decrease  in 

Since  writing  this  we  have  met  with  an  observation  o£  Zerner  (‘ Medizinische  Jahrbiicher,’  1887, 
p.  534)  bearing  on  the  secretion  of  organic  substance.  He  finds  in  the  Dog  that,  after  lowering  the 
blood  pressure  by  section  of  the  cervical  spinal  cord,  the  more  slowly  secreted  sub-maxillary  saliva, 
obtained  by  stimulating  the  chorda  tympani,  has  a  higher  percentage  of  organic  substance  than  the  more 
rapidly  secreted  saliva,  similarly  obtained  under  normal  conditions.  Two  expei’iinents  are  given.  One  of 
these  is  inconclusive,  since  the  sympathetic  was  stimulated  before  obtaining  the  second  sample  of  chorda 
saliva,  and  this,  as  Heidenhain  has  shown,  is  sufficient  to  increase  the  percentage  of  organic  substance. 
The  other  experiment,  although  more  satisfactory,  is  not  entirely  so,  for  the  chorda  tympani  was  stimu¬ 
lated  with  strong  shocks  between  the  time  of  collecting  the  two  samples  of  saliva  analysed. — Feb.  6, 1889. 
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the  blood-flow  tliroiigh  the  gland  will  lead  to  a  diminished  irritability  of  the  gland, 
and,  therefore,  to  a  decrease  in  the  rate  of  secretion  of  all  the  constituents  of  saliva. 
It  will  lead  also  directly  to  a  considerable  decrease  in  the  secretion  of  water,  to  a  less 
decrease  in  the  secretion  of  salts,  and  to  a  still  less  decrease  in  the  secretion  of 
organic  substance.  With  decreased  blood-flow  there  will  be  less  saliva,  and  this  will 
contain  a  somewhat  higher  percentage  of  salts  and  a  considerably  higher  percentage 
of  organic  substance.  Further,  with  a  given  decrease  of  blood-flow,  the  stronger  the 
stimulus,  the  higher  will  be  the  percentage  of  organic  substance  and  of  salts. 

Now,  sympathetic  saliva  is  just  such  saliva  as,  from  the  above-mentioned  facts  and 
deductions,  we  should  expect  to  be  produced  by  simultaneous  stimulation  of  a  secre¬ 
tory  nerve  and  of  glandular  vaso-constricted  flbres.  Since  the  decrease  in  the  blood- 
flow  through  the  gland  is  much  greater  on  stimulating  the  sympathetic  than  on  bleed¬ 
ing,  the  sympathetic  saliva  should  be  secreted  more  slowly  and  contain  a  higher  per¬ 
centage  of  organic  substance  than  saliva  secreted  after  bleeding.  And  this  is  the 
case. 

That  the  effect  of  decreasing  the  blood-flow  through  the  gland  is  as  we  have  given 
it,  is  supported  by  several  other  experiments  besides  the  one  we  have  quoted  here ; 
but  we  do  not  enter  into  the  matter  further,  for  two  reasons — the  one  that  there  are 
certain  of  Heidenhain’s  observations  which  appear  to  be  contradictory  to  ours,  and 
these  we  have  not  yet  repeated,  and  the  other  that,  since  in  the  Cat  stimulation 
of  the  sympathetic  gives  a  saliva  containing  a  low  percentage  of  organic  substance,  it 
is  desirable  to  investigate  what  in  this  case  is  the  effect  of  a  decreased  blood  flow. 


Summary  or  Chief  Kesults. 

Heidenhain  has  shown  that,  when  saliva  is  obtained  by  stimulating  the  chorda 
tympani,  the  percentage  of  salts  in  the  saliva  depends  upon  the  rate  of  secretion ;  so 
that,  the  faster  the  secretion,  the  higher  the  percentage  of  salts  is  up  to  a  limit  of 
about  ’6  per  cent.  Werther  has  come  to  the  same  conclusion,  but  finds  that  the 
percentage  of  salts  may  be  as  much  as  "77. 

In  both  Heidenhain’s  and  Werther’s  experiments  there  are  a  considerable 
number  of  exceptions  to  this  rule,  attributed  by  them  to  variations  in  the  rate  of 
secretion  of  saliva  during  the  time  of  collecting  any  one  sample. 

We  have  repeated,  with  some  modifications,  the  experiments  of  Heidenhain,  paying 
especial  attention  to  the  rate  of  secretion  of  the  saliva,  and  find,  in  10  out  of  11  cases, 
that  his  law  of  an  increase  in  the  percentage  of  salts  with  an  increase  in  the  rate  of 
secretion  holds.  The  single  exception  may  possibly  be  due  to  a  modification  in  the 
blood-flow  through  the  gland  during  the  time  of  collecting  the  saliva.  The  slowly 
secreted  saliva  contains  a  low  percentage  of  salts,  whether  it  is  produced  by  a  weak 
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nerve  stimulus,  or  bj  a  very  strong  nerve  stimulus,  wliicb  lowers  the  irritability  of 
the  nerve-fibres. 

We  do  not  find  any  rate  of  secretion  beyond  which  an  increase  in  rate  fails  to 
increase  the  percentage  of  salts  in  the  saliva.  The  increment  in  the  percentage  of 
salts  decreases  with  each  equal  successive  increment  in  the  rate  of  secretion. 

As  a  rule,  in  saliva  obtained  by  injecting  pilocarpin,  the  percentage  of  salts  follows 
Heiuenh aim’s  law.  We  take  the  exception  to  be  due  to  the  action  of  pilocarpin  on 
the  circulation,  the  blood-flow  through  the  gland  being  less  than  normEdly  accompanies 
the  deofree  of  stimulation  of  the  ffland-cells. 

The  percentage  of  salts  in  saliva  obtained  by  stimulating  the  sympathetic  is  higher 
than  corresponds  to  its  rate  of  secretion,  the  saliva  obtained  by  stimulating  the  chorda 
being  taken  as  a  basis  of  comparison. 

Dyspnoea  decreases  the  rate  of  secretion  of  saliva,  and,  if  not  too  prolonged,  increases 
the  percentage  of  salts,  and  tends  to  increase  the  percentage  of  organic  substance  in 
the  saliva.  This  holds,  whether  the  saliva  be  obtained  by  stimulating  the  chorda 
tympani,  or  by  injecting  pilocarpin.  Dyspnoea  has  for  a  short  time  an  after- action, 
tending  to  increase  the  percentage  of  salts,  and  possibly  that  of  organic  substance. 

Clamping  the  carotid  during  secretion  has  the  same  general  effect  as  dyspnoea,  but 
it  causes  a  still  more  marked  increase  in  the  percentage  of  salts.  Its  after-effect  is 
also  much  greater  and  lasts  longer.  Bleeding  has  a  similar  effect  to  dyspnoea  and  to 
clamping  the  carotid,  and  it  causes  a  marked  increase  in  the  percentage  of  organic 
substance. 

Injection  of  dilute  salt  solution  in  sufficient  quantity  considerably  increases  the  rate 
of  secretion  of  saliva ;  the  percentage  of  salts  in  the  saliva  decreases,  although  the 
rate  of  secretion  of  salts  usually  increases ;  the  percentage  of  organic  substance 
decreases — that  is,  increasing  the  volume  of  the  blood  with  dilute  salt  solution  chiefly 
increases  the  rate  of  secretion  of  water. 

The  percentage  of  salts  in  samples  of  saliva  obtained  after  the  injection  of  dilute 
salt  solution  increases  with  the  rate  of  secretion  ;  it  is  only  when  these  are  compared 
with  samples  obtained  before  the  injection  that  a  discrepancy  in  the  normal  relation 
between  percentage  of  salts  and  rate  of  secretion  of  water  appears. 

Injection  of  sodium  carbonate  2  per  cent,  also  increases  the  rate  of  secretion  of 
saliva ;  in  this  case  the  jiercentage  of  salts  is  about  normal ;  the  percentage  of  organic 
substance  falls  slightly  only. 

Injection  of  strong  salt  solution  increases  the  percentage  of  salts  in  saliva  ;  this  is  in 
accordance  with  the  recent  observations  of  Novi,  that  the  chlorine  in  the  salts  of 
saliva  is  increased  for  a  given  rate  of  secretion  by  increasing  the  percentage  of  sodium 
chloride  in  the  blood.  We  find,  however,  that  on  injection  of  strong  salt  solution 
into  the  blood  which  leaves  the  secretory  power  of  the  gland  unaftected,  the  increase 
in  the  percentage  of  salts  is  much  greater  with  slowly  than  with  rapidly  secreted 
saliva,  and  that,  when  the  secretory  power  of  the  gland  is  affected  by  the  strong  salt 
solution  an  increase  in  the  percentage  of  organic  substance  also  takes  place  ;  this  and 
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a  part  of  the  increase  in  the  percentage  of  salts  we  attribute  to  a  decrease  of  the 
blood-flow  through  the  gland. 

Saliva  produced  by  stimulating  the  chorda  tympani  or  by  injecting  pilocarpin,  after 
a  small  dose  of  atropin  has  been  given,  contains  a  low  percentage  of  organic  substance 
and  of  salts. 

We,  like  Werther,  find  that  sub-lingual  saliva  has  a  considerably  higher  percen¬ 
tage  of  salts  than  sub-maxillary  saliva. 

If  lithium  citrate,  potassium  iodide,  potassium  ferrocyanide,  and  pilocarpin  are 
injected  into  the  blood,  lithium  can  be  detected  in  the  first  drop  of  saliva  secreted, 
iodine  after  the  first  six  drops ;  potassium  ferrocyanide  cannot  be  detected  at  any 
stage  of  secretion. 
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[Plates  1-4.] 

Some  years  ago  M.  Renault  described*  some  specimens  of  petioles  of  Ferns,  which 
he  identified  with  Gouda’s  genus  Zygopteris,  identical,  in  part,  with  Cotta’s  genus 
Tubicaulis.  In  my  memoir.  Part  VI., t  I  described,  from  the  lower  Carboniferous 
rocks  of  Lancashire,  two  of  M.  Renault’s  species,  viz.,  Zygopteris  Lacattii  and 
Z.  hibractensis ;  but,  from  an  unwillingness  to  multiply  genera  based  only  upon  the 
ill  understood  fragments  of  imperfectly  known  plants,  I  proposed  {loc.  cit.,  p.  677) 
the  provisional  adoption  of  the  neutral  generic  term  Rachiop>teris  for  a  considerable 
number  of  these  objects,  which  appeared  to  be  either  rhizomes  or  petioles  of 
Ferns.  Subsequent  researches  have,  I  think,  shown  the  wisdom  of  doing  so  ;  at  all 
events,  further  discoveries,  which  I  now  propose  to  put  on  record,  unmistakably 
confirm  my  opinion. 

In  the  same  memoir  (Zoc.  cit.,  p.  173)  M.  Renault  described  a  rhizome,  with 
petioles,  the  latter  of  which  closely  resembled  those  of  Coeda’s  genus  Ariachorop)teris, 
and  to  which  the  French  palseontologist  gave  the  name  of  Anachoropteris  Decaisnii. 
But  the  structure  of  the  rachis  of  this  plant,  especially  of  the  transverse  section  of 
its  vascular  bundle,  was  wholly  different  from  that  of  any  plant  previously  observed. 
Having  obtained  a  stem  identical  with  this  Anachoi'opteris,  but  without  any 
petioles  connected  with  it,  I  figured  my  specimen  in  my  memoir.  Part  VI.,  Plate  58, 
fig.  51,  where  I  described  it  as  closely  resembling  M.  Renault’s  Anachoropteris 
Decais7iii. 

It  must  be  remembered  that  Coeda’s  two  genera,  Anachoropteris  and  Zygopteris, 
were  solely  based  by  him  upon  distinctions  between  the  transverse  sections  of  two 
petioles.  That  author  knew  nothing  of  the  nature  of  the  rhizome  of  either  of  these 
petioles.  M.  Renault,  however,  obtained  a  rhizome  associated  with  a  petiole  closely 
identical  with  that  of  Coeda’s  Ziygopteris,  which  he  described'"  under  the  name 
of  Zygopteris  Brongniai'tii.  He  thus  possessed  Coeda’s  two  forms  of  petiole  asso- 

*  ‘  Annales  des  Sciences  Natnrelles,’  5*^™®  Serie,  Bot.,  vol.  12,  1869,  p.  161. 
t  ‘  Phil.  Trans.,’  vol.  164,  1874. 
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dated  with  two  distinct,  though  not  wholly  dissimilai',  rhizomes.  The  French  savant 
described  the  two  genera  Zygopteris  and  Anachoropteris  as  distinguished  primarily  by 
the  differences  between  these  petioles,  but  secondarily  by  the  differences  between 
their  rhizomes. 

In  my  memoir,  Part  VIII.  (‘Phil.  Trans.,’ vol.  167,  pp.  217  et  seq.),  when  de¬ 
scribing  a  new  rhizome  and  its  petioles,  under  the  name  of  Racliiopteris  corrugata, 
I  gave  at  some  length  my  reasons  for  not  multiplying  generic  names  for  these 
curious  plants  ;  pointing  out  how  wholly  impossible  it  was  to  classify  recent  Ferns 
on  any  such  basis,  a  fact  the  importance  of  which  is  further  illustrated  by  the 
rhizome  which  I  am  about  to  describe. 

Some  weeks  ago,  my  young  auxiliary  collector,  Mr.  Lomax,  to  whom  I  was  indebted 
for  the  Calamitean  fruits  described  in  my  last  memoir,  Part  XIV.,  brought  me  a 
specimen  having  the  central  vascular  axis  of  M.  Penault’s  Anachoropteris  Decaisnii, 
with  petioles  of  the  true  Zygopteroid  type  :  thus  demonstrating  that  the  axis  found 
by  Renault  in  connection  with  a  petiole  of  Gouda’s  type  of  Anachoropteris  was 
equally  tlie  axis  of  a  Zygopteroid  petiole.  The  specimen  has  been  a  drifted  fragment, 
now  imbedded  in  a  hard  ganister  full  of  Goniatites. 

Fig.  1  (Plate  1)  shows  the  five-rayed  transverse  section  of  the  vascular  axis  of  the 
stem  or  rliizome  ;  at  a  is  a  vacant  spot,  occupied  in  some  sections  by  a  delicate 
parenchyma — obviously  a  medullary  one — five  thin  prolongations  of  which,  a',  a  ,  are 
projected  into  five  rays  of  the  vascular  axis  h.  This  axis  is  composed  of  a  mass  of 
scalariforrn  tracheids.  Eacli  centrifugal  ray  first  contracts  in  diameter,  and  then 
expands  again,  terminating  in  a  truncated,  more  or  less  bifurcated  extremity.  The 
maximum  diameter  of  this  axis  from  the  tip  of  one  ray  to  that  of  another  is  p’ather 
more  than  a  quarter  of  an  inch.  At  h'  the  end  of  one  of  these  rays  is  detached, 
apparently  to  form  the  vascular  centre  of  a  lateral  appendage.  At  c  is  a  thin  band 
of  structure  superficially  resembling  a  bundle-sheath  ;  a  similar  investment  encom¬ 
passes  not  only  the  central  axis,  but  each  of  the  separate  organs.!  Apparent  rootlets 
are  seen  at  cl. 

Fig.  2  is  a  second  transverse  section  through  the  vascular  axis,  h,  of  a  specimen 
like  fig.  1,  from  which  it  differs  oidy  in  one  or  two  respects.  Thus,  the  detached 
bifurcate  end  resembling  that  of  the  ray  h'  of  fig.  I  is  replaced  at  fig.  2,  h',  by  a 
cylindrical  vascular  bundle,  ‘05  of  an  inch  in  diameter,  whilst  the  corresponding 
one  at  h"  lias  disappeared  ;  between  the  bundle  h'  and  its  investing  zone,  c,  are 
remains  of  cellular  parenchyma.  The  black  masses  e,  e  are  the  carbonised  remains 
of  the  cortical  parencliyma. 

Fig.  3  is  part  of  another  section  like  fig.  2,  but  in  which  the  circular  section  of  a 

*  Log.  cit.,  Plate  IV.,  fig.  4  his,  and  Plate  V.,  fig.  5. 

t  In  a  recent  memoir,  to  be  referred  to  on  a  later  page.  Professor  Stenzel,  of  Breslau,  describes 
specimens  which  show  that  these  bands  do  represent  zones  of  specialised,  more  or  less  sclerous,  cortical 
tissue. 
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lateral  appendage  like  h'  of  fig.  2  reappears  at  e,  but  is  now  enclosed  within  an  entire 
and  separate  circle  of  the  tissue  fig.  2,  c,  at  c'.  The  supposed  rootlets  are  also  seen 
at  d,  and  the  carbonised  cortical  tissue  at  e.  But  outside  the  circular  aberrant  organ 
h'  we  now  have  a  transverse  section  of  a  large  Zy gopteroid  petiole.  The  H ■'shaped 
section  of  the  vascular  bundle  of  this  petiole  is  seen  at  f,  surrounded  by  a  ring  of  the 
structure  c  at  c'. 

Fig.  4  represents  a  more  perfect  specimen  of  a  similar  Zygopteroid  petiolar 
bundle,  in  which  several  of  the  tissues  are  well  preserved.  In  the  slenderness  both 
of  its  central  portion  /  and  its  two  transverse  ones  //  f”,  this  vascular  bundle 
approaches  nearer  to  Renault’s  Zygopteris  hihractensis  than  to  any  of  the 
other  forms  hitherto  described.  In  this  specimen  the  cellular  tissue  of  the  cortical 
parenchyma  is  fairly  well  preserved,  even  in  the  dark  masses,  and  is  beautifully  so  at 
the  two  more  central  portions  e ,  e.  The  anomalous  zone  c  entirely  invests  this 
vascular  bundle,  like  an  endodermal  zone. 

Fio-.  5  is  a  small  detached  vascular  axis  found  close  to  a  section  like  fio-s.  1  and  2. 
In  its  centre  there  exists  a  small  vacant  spot,  a,  from  which  there  diverge  four 
radiating  lines,  apparently  repeating,  on  a  small  scale,  the  configuration  of  a,  a  in 
figs.  1  and  2.  Fig.  5 A  is  obviously  a  structure  identical  in  its  contour  with  fig.  3, 
€,  but  the  middle  of  its  central  bundle  approximates  to  fig.  5a.  We  have  a  point 
a,  from  which  radiate  three  lines,  a ,  corresponding  to  a'  of  figs.  1  and  2.  These 
two  examples,  fig.  5,  and  especially  5a,  seem  to  suggest  that,  whilst  the  organs  figs. 
3  and  4,  f,  are  destined  to  become  true  petioles,  those  of  figs.  2,  V,  and  3,  c,  indicated 
by  h',  y  are  destined  to  become  ordinary  branches  of  the  rhizome,  like  the  centres  of 
figs.  1  and  2.  The  vascular  axis  of  each  of  these  circular  structures  is  obviously 
destined  ultimately  to  assume  the  pentagonal  form  of  that  of  the  primary  stems.'"' 

*  On  January  12tli  of  the  present  year,  I  received  from  Professor  Stbnzel,  of  Breslau,  a  copy  of  an 
interesting  memoir  by  him,  entitled  “  Die  Gattung  TuhicauUs,  Cotta.”  In  this  memoir  the  author 
figures  and  describes  some  examples  of  Cotta’s  genus,  and  of  Asterochlcena,  Anachoropteris,  and 
Zygopteris  of  CORDA.  He  sub-divides  Asterochlcena  into  the  sub-genera  Meriopteris,  Asterochlcena,  and 
Clepsydropsis,  and  the  genus  Zygopteris  into  Zygopteris  and  Anhyopteris.  Under  the  name  of  Zygopteris 
{Anhyopteris)  scandens,  this  author  describes  and  figures  a  plant  'which  appears  to  me  to  be  identical 
with  my  Rachiopteris  Qrayii.  In  this  plant  Dr.  Stexzel  finds  the  organ  which  I  have  represented  in 
fig.  2,  b',  and  fig.  3,  e,  in  exactly  the  same  position  as  I  have  done,  viz.,  between  the  exterior  of  the 
main  stem  and  the  superior  or  posterior  side  of  the  petiolar  bundle,  fig.  3,  /.  He  also  regards  it,  as  I 
have  done,  as  a  young  state  of  a  stem  or  branch;  giving  to  it  the  apparently  appropriate  designation  of 
an  axelsprosse.  His  specimens  further  show  that  the  dubious  investing  zones  of  the  several  organs 
which  I  have  indicated  in  my  several  figures  by  c  and  c  are  not  mere  mineral  developments,  but 
represent  zones  of  tissue,  often  of  a  sclerenchymatous  character,  as  I  have  already  pointed  out.  He  also 
thinks,  as  I  have  concluded,  that  the  organs  d,  of  my  figures  1  and  3,  ai’e  true  roots  or  rootlets.  These 
agreements  between  two  independent  observers  are,  of  course,  satisfactory.  As  to  the  specific  name  of 
the  plant,  since  my  memoir  was  received  by  the  Royal  Society  on  June  13tb,  1888,  whilst  Professor 
Stenzel’s  memoir  has  only  been  published  during  the  present  year,  my  name  of  Rachiopteris  Grayii 
will  have  the  precedence,  unless  Professor  Stenzel  has  given  the  name  to  his  plant  in  any  earlier 
publication. — Eebruai’y  12th,  1889. 
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The  exterior  of  the  cortex  of  this  plant  was  densely  clothed  with  hairs.  Though 
longitudinal  sections  through  the  specimen  described  present  a  somewhat  obscure 
arrangement  of  tissues  and  organs,  these  hairs  enable  us  to  distinguish  external 
surfaces  from  internal  structures.  The  difficulty  of  doing  this  is  the  greater  since 
two  distinct  stems  are  pressed  closely  together  in  the  fragment  of  ganister  in 
which  my  specimens  are  preserved,  and  also  from  the  fact  that  the  innumerable 
small  cylindrical  organs,  cl,  variously  intersected,  and  each  with  an  ill  preserved 
vascular  bundle  in  its  interior,  abound  in  all  my  preparations  both  within  the  cortex, 
and  externally  to  it,  as  at  cl,  cl.  Similar  structures  appear  to  exist  in  M.  E-enault’s 
specimens  of  Anachoropteris,  but  that  observer  regards  them  as  representing 
petiolar  bundles.  Mine,  like  his,  are  ill  preserved  ;  but  they  more  closely  resemble 
adventitious  roots  than  petiolar  structures.  A  similar  one  M.  Renault  himself 
regards  as  a  “  racine  adventif  ”  These  organs  are  about  '066  of  an  inch  in  diameter. 

That  no  classification  of  these  fossil  Ferns  based  solely  upon  the  transverse  sections 
of  their  petiolar  bundles  is  or  can  be  of  much  value,  is  clearly  shown  when  tested 
amongst  those  living  Ferns  the  classification  of  which  is  chiefly  based  upon  their 
sporangial  reproductive  organs.  But,  I  think,  I  can  show  that  we  have  here  to  do 
with  a  type  of  stem-structure  which  is  remarkable,  and  which  appears  to  throw  them 
into  something  like  a  natural  group  recurring  in  several  allied  plants. 

In  his  memoir  above  referred  to,  M.  Renault  describes  and  figures""  a  transverse 
section  of  the  stem  of  his  Zygopteris  Brongniartii.  In  this  section  we  find  a  central 
structure  “tres  probablement  cellulaire”  “  ou  a  ses  prolongements  qui,  au  nombre  de 
six  dans  le  Zygopteris,  s’enfonyaient  plus  ou  moins  dans  I’epaisseur  de  I’dtui  ligneux 
a,  a,  forme  par  les  cellules  scalariformes.'’  {Loc.  cit.,  pp.  164-5.) 

Specimens  in  my  cabinet  confirm  M.  PlENAULt’s  suggestion  that  this  central 
structure,  with  its  thin  radiating  arms,  is  really  a  cellular  one,  being  either  a  medulla 
or  of  a  procambial  character — but  apparently  the  former — associated  in  either  case 
with  peculiarities  in  the  primitive  development  of  the  vascular  bundle  which 
surrounds  it.  The  presence  of  this  peculiar  cellular  centre  within  the  vascular  axis 
constitutes  a  feature  which  seems  to  unite  several  otherwise  distinct  plants  into  a 
common  group.  It  is  obviously  identical  with  the  structure  a,  a,  seen  in  my 
figs.  1,  2,  and  5  of  the  present  memoir.  In  my  memoir.  Part  VIII. ,t  I  figured,  under 
the  name  of  RacMopteris  corriigata,  transverse  sections  of  a  stem  which  has  a  struc¬ 
ture  almost  identical  with  that  of  ]\T.  Renault’s  Zygopteris  Brongniartii,  and  in  which 
the  central  cellular  structure  sends  off  five  or  six  radiating  and  sometimes  dicho- 
tomosing  arms,  partially  subdividing  the  surrounding  vascular  cylinder  into  balf-a- 
dozen  groups  of  cells.  Unlike  M.  Renault’s  similar  example,  the  petiolar  bundles 
given  off  by  this  central  axis  are  not  Zygopteroid  in  form,  since  they  lack  the  two 
parallel  extensions  f',  f"  seen  in  Plate  1,  fig.  4,  of  the  present  memoir;  what 

*  Plate  .3,  fig.  I. 

t  ‘  Phil  Ti’ans.,’  vol.  IG7,  Plate  5,  fig.  4,  and  Plate  6,  fig.  13. 
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remains  corresponding  apparently  to  the  portion  f  of  the  same  figure.  In  my 
previous  memoirs  I  have  pointed  out  the  fact  that  all  these  Zygopteroid  bundles  give 
off  alternately  from  the  exterior  of  each  of  the  two  parallel  portions  f',f"  a  consider¬ 
able  mass  of  vascular  tissue,  each  of  which  detached  portions  usually  subdivides  into 
two  parallel  secondary  bundles.*  The  Rachio'pteris  dii'plex,  also  described  and  figured 
(Part  VI.,  ‘Phil.  Trans.,’  vol.  164,  Plate  55,  figs.  28  and  35),  exhibits  the  same 
phenomena,  and  must  also  be  regarded  as  one  of  the  Zygopteroid  group  ;  and  it  is 
more  than  probable  that  my  Rachiopteris  insignis,  figured  in  Part  VI.,  Plate  16, 
figs,  19,  20,  and  21,  may  be  regarded  as  connecting  the  petiole  of  Rachiopteris 
corrugata,  already  referred  to,  with  the  Zygopteroid  type.  The  Rachiopteris 
duplex  also  appears,  so  far  as  its  petiole  is  concerned,  and  especially  from  the 
mode  in  which  the  vascular  bundles  of  the  secondary  petioles  are  detached  from  those 
of  the  primary  one,  to  have  corresponding  affinities  with  the  same  type. 

It  is  obvious,  on  the  one  hand,  that  we  cannot  retain  both  Corda’s  genera  of 
Zygopteris  and  Anaxhoropteris ;  and,  since  the  type  of  petiole  which  may  be  designated 
Zygopteroid  is  the  more  remarkable  one  of  the  two,  and  appears  to  have  several  other 
Carboniferous  Fern-petioles  closely  allied  to  it,  it  seems  desirable  that  M.  Pena  tilt 
and  those  who  wish  to  multiply  these  generic  names  should  accept  the  genus  Zygo¬ 
pteris  and  abandon  that  of  Anachorop)teris  as  too  ill-defined  to  be  of  any  real  value. 
Personally,  I  prefer  not  to  multiply  these  generic  names  until  we  obtain  a  more 
definite  knowledge  of  structural  identities  and  differences  upon  which  generic  groups 
can  be  based.  Hence,  I  shall  continue  for  the  present  to  use  my  own  provisional 
term  of  Rachiopteris;  and,  since  the  structure  of  the  petiole  of  the  plant  just 
described  is  obviously  sufficiently  different  from  that  of  the  Anachoropteris  Decaisnii 
of  M.  Penault  to  distinguish  it  specifically,  I  shall  designate  the  former  plant 
Rachiopteris  Grayii,  in  memory  of  my  lamented  friend,  Asa  Gray.! 

Returning  to  my  figures  of  the  petioles  of  Rachiopteris  chvplexX  it  will  be  observed 
that  the  two  secondary  bundles  a,  a,  given  off  in  alternate  pairs  from  the  opposite 
sides  a ,  a  of  the  primary  petiolar  bundle  a,  obviously  supply  the  two  secondary 
petioles  y,  y,  giving  off,  in  their  turn,  smaller  bundles  to  a  third  series  of  branches  or 
pinnules.  Fig.  6  of  Plate  2  of  the  present  memoir  represents  a  transverse  section 
of  a  petiole  of  Rachiopteris  Lacattii,\  for  which  I  am  indebted  to  Mr.  Lomax,  of 

*  See  memoir,  Part  VI.,  Plate  57,  figs.  45,  a"  and  fig.  47,  m,  m. 

f  A  further  ground  for  abandoning  M.  Renault’s  duplicated  generic  names  is  found  in  the  fact  that 
twice  in  his  memoir  {loc.  cit.,  pp.  165  and  177)  he  considers  that  Zygopteris  is  distinguished  from 
Anachoropteris  by  having  six  of  the  radial  prolongations  of  the  medulla,  whilst  Anachoropteris  has  only  five. 
My  plant  just  described,  which  certainly  should  belong  to  M.  Renault’s  genus  Zygopteris,  has  but  five. 

t  Memoir,  Part  VI.  (loc.  cit.),  Plate  65,  figs.  35d  and  35b. 

§  In  the  memoir  referred  to  on  page  157,  Professor  Stenzel  expresses  an  opinion  that  the  petiole 
which  in  previous  memoirs,  as  in  the  present  one,  I  have  identified  with  Renault’s  Zygopteris  Lacattii 
is  really  the  Z,  elliptica  of  the  French  author.  This,  however,  is  a  mistake  easily  explained.  In  its 
middle  cortex,  M.  Renault’s  Z.  Lacattii  contains  numeroiis  gum-canals,  which  are  not  found  in  his 
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Ptadcliffe,  and  in  which  the  same  bifurcation  of  the  secondary  pinnules  is  seen  at 
y,  y,  each  branch  being  supplied  with  a  secondary  fibro -vascular  bundle  o',  from 
which  a  bundle  of  a  third  order  a"  is  given  off,  as  in  Rachiopteris  duplex.  This 
mode  of  dichotomous  branching  of  secondary  pinnules  is  clearly  incompatible  with 
fronds  of  the  ordinary  pinnate  or  bipinnate  types.  The  plant  must  have  had 
some  more  distinctive  contour.  The  lowest  secondary  pinnules  of  several  forms  of 
Pteris,  e.g.,  P.  umhrosa  and  P.  serrulata  branch  in  this  quasi -dichotomous  way. 
M.  Zeiller  has  fig'ured  in  his  ‘  Etudes  des  Gites  Minerales  de  la  France. — Bassin 
Houiller  de  Valenciennes/  two  Carboniferous  Ferns  that  distinctly  branch  in  this 
manner,  viz.,  Mariopteris  latifolia  {loc.  cit.,  Plate  XVII.,  and  Diplotemma  Zeilleri 
Stur,  Plate  XVI.). 

The  additions  I  have  made  from  time  to  time  to  our  knowledge  of  the  organisation 
of  the  interesting  fructincation,  Calamostachys  Binneyana,  have  left  but  few  lacunae  in 
that  knowledge  to  be  filled  up.  Two  points,  nevertheless,  have  as  yet  been  obscure, 
viz.,  the  distribution  of  the  vascular  bundles  in  the  central  axis  of  the  strobilus  and 
the  nature  of  the  peripheral  terminations  of  the  fertile  bracts  or  sporangiophores. 
Figs.  7  and  8  of  Plate  2  throw  light  on  both  these  points. 

Fig.  7  is  a  slightly  oblique  transverse  section  through  an  axis  of  Calamostachys 
Binneyana,  in  the  centre  of  which,  a,  is  a  quasi-medullary  cellular  parenchyma  more 
or  less  invested  by  scalariform  vessels  at  h,  h'.  At  the  points  b,  b,  these  tracheids  are 
few  in  number,  but  at  the  four  angles  b',  b'  they  are  much  more  numerous  ;  especially  so 
in  other  strobili  in  my  cabinet  where  such  points  approximate  to  the  nodes  of  the  axis. 

Fig.  8  represents  one  of  the  finest  tranverse  sections  of  this  Calamostachys 
I  have  obtained.  In  it  a  represents  the  central  axis  corresponding  to  fig.  7.  This 
centre  is  invested  by  the  cortical  zone,  h.  The  fertile  sporangiophores  appeaP  at  v, 
and  their  much-thickened  peripheral  extremities  are  seen  at  v  .  At  the  points  v" ,  v" 
accumulations  of  tracheids  appear.  On  comparison  of  this  figure  with  that  given 
on  Plate  54,  fig.  23,  of  Part  XL  (‘Phil.  Trans.,’  1881),  it  will  be  seen  that  these 
clusters  of  tracheids  are  concentrated  in  the  immediate  neighbourhood  of  the  point 
v'"  of  that  figure,  i.e.,  where  each  sporangium,  u,  is  organically  united  to  the  thick¬ 
ened  end  of  the  sporangiophore,  u'.  It  thus  appears  that  these  peripheral  terminations 
of  the  sporangiojDhores  approach  even  nearer  than  they  were  previously  known  to  do 
to  those  of  the  living  Equisetums,  in  corresponding  parts  of  which  similar  clusters 
of  tracheids  exist.  At  g,  g  are  transverse  sections  of  the  bracts  of  the  next  inferior 
verticil  of  the  sterile  organs,  and  at  g' ,  eg'  tips  of  a  yet  lower  verticil  of  similar  organs. 

On  studying  a  number  of  slides  prepared  for  me  by  my  active  auxiliary,  Mr. 
Isaac  Earnshaw,  of  Oldham,  I  found  in  several  of  them  sections  of  fragments  of  a 

Z.  elli'ptica.  In  tLe  specimens  wLich  I  first  described,  tbis  part  of  the  cortex  had  inyariahlj  dis¬ 
appeared.  But  I  have  more  recently  obtained  specimens  in  which  this  inner  cortex,  with  its  charac¬ 
teristic  gnm-canals,  is  preserved ;  as  is  also  the  case  in  the  specimen  described  above,  where  the  layer 
in  question  is  indicated  by  h. — February  I2th,  1889. 
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plant  differing  materially  from  any  that  I  have  hitherto  described.  The  fragments 
are  very  Protean  in  form  and  structure,  though  possessing  certain  remarkable  features 
in  common. 

Fig  9  (Plate  3)  represents  one  of  the  most  characteristic  of  these.  It  is  a  section 
of  a  branching  stem  or  rhizome  of  the  plant  enlarged  14  diameters.  At  A  the  section 
has  crossed  a  branch  obliquely,  revealing  a  central  vascular  axis,  «,  composed  of  very 
fine  vessels  of  the  reticulated  or  pitted  type,  some  of  which  are  fully  '01  of  an  inch 
in  diameter.  The  inner  cortex,  h' ,  is  composed  of  longitudinal  lines  of  parenchymatous 
cells  with  transverse  septa.  At  B  is  a  bifurcating  branch,  with  its  vascular  axis  a 
also  bifurcating,  composed  of  a  dense  mass  of  vessels  partly  barred,  but  some  of  which 
are  reticulate,  like  those  of  A,  a,  though  of  smaller  diameter,  some  of  them  not  being 
more  than  '00125  of  an  inch  in  diameter.  The  inner  cortex,  6",  resembles  that  of  A,  a, 
but  the  cells  are  of  much  smaller  dimensions.  More  externally  we  have  at  h'  a  dense 
cortical  zone  composed  of  elongated  prosenchymatous  cells.  A  small  branch  with  a 
central  vascular  bundle  appears  to  have  been  given  off  vertically  at  c  ;  there  seems  to 
have  been  a  similar  one  at  cl,  and  there  may  possibly  have  been  a  third  at  e.  F  is 
obviously  a  tranverse  section  of  either  a  branch  or  a  root,  the  vascular  bundle  of 
w'hich  occupies  its  centre  surrounded  by  an  inner  cortex,  enclosed  within  a  more 
dense  external  one.  The  two  external  surfaces,  g'  and  g,  are  densely  clothed  with 
numerous  very  large,  curved  multicellular  hairs.  The  basal  cells  of  some  of  these  hairs 
are  fully  '005  of  an  inch  in  diameter,  whilst  some  of  them  are  fully  '014  of  an  inch 
long.  Conspicuously  cylindrical  throughout  the  greater  part  of  their  length,  they  are 
tapering,  slender.  Fig,  10  furnishes  a  carefully  drawn  representation  of  these  hairs, 
as  they  appear  at  B  g,  g ,  enlarged  43  diameters. 

Fig.  11  (Plate  2)  is  a  transverse  section  of  one  of  these  stems  enlarged  forty-four 
diameters,  its  mean  one  being  '009  of  an  inch.  In  its  centre,  a,  is  a  cluster  of 
tracheids,  the  entire  cluster  being  about  '02  of  an  inch  in  diameter,  enclosed  within  h, 
which  appears  to  occu]:)y  the  position  of  a  true  bundle-sheath.  These  tracheids  are 
reticulated  like  those  of  fig.  9.  A  narrow  zone  of  delicate  parenchyma,  c,  lies  between 
the  tracheids  and  the  supposed  bundle-sheath,  vdiich  may  either  have  a  circumferential 
phloem  or  a  procambial  tissue.  The  inner  cortex,  d,  consists  of  a  very  regular  thin- 
walled  parenchyma,  which,  in  turn,  is  invested  by  e,  a  coarser  prosenchymatous  tissue. 
Externally  to  this  prosenchyma  are  numerous  transverse  isolated  sections  of  hairs,  f, 
of  varying  diameters.  The  most  striking  feature  of  this  section  consists  of  the  remains 
of  four  radiating  appendages  g,  g',  g" ,  g" .  The  most  perfect  of  these  is  g,  in  which  we 
discover  the  central  vascular  bundle  a  invested  by  the  two  cortical  layers  d'  and  e . 
These  radiating  appendages,  taking  their  rise  from  what  has  been  either  the  peri- 
cambium  or  the  endoderm,  and  forcing  their  way  through  the  cortical  tissues  of  the 
primary  axis  without  receiving  any  contributions  from  those  tissues,  can,  I  think,  only 
have  been  either  roots  or  secondary  rootlets. 

Fig.  12  is  an  oblique  transverse  section  through  a  stem  similar  to  fig.  11,  the  lower 
MDCCCLXXXIX. — B.  Y 
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end  of  which  disj^lays  features  identical  with  those  of  the  latter  figure.  It  exhibits 
three  of  the  radiating  rootlets  (?)  d,  d,  and  d'  •,  but  d  is  fortunately  intersected  trans¬ 
versely,  and  enables  us  to  identify  several  isolated  transverse  sections  of  these  roots 
scattered  through  some  of  my  slides,  three  of  which  are  figured  in  figs.  13,  14  (Plate  4), 
and  15  (Plate  1). 

Fig.  13  has  a  mean  diameter  of  ‘0025  of  an  inch  ;  fig.  14  of  'Ol,  and  fig.  15  of  -025. 
In  each  of  these  examples  we  have  the  conditions  seen  in  fig.  11,  g,  viz.,  a 
central  bundle,  a,  invested  by  the  two  cortical  zones  d'  and  e',  as  well  as  the 
apparent  bundle-sheath  h,  enclosing  the  phloem  c.  In  fig.  15,  which  seems  to 
represent  a  younger  but  smaller  rootlet,  the  separation  of  the  cortex  into  two 
zones  is  less  distinct  than  in  figs.  13  and  14.  Its  component  cells  also  exhibit  the 
tendency  to  arrange  themselves  in  the  concentric  cycloidal  circles  so  common  amongst 
young  rootlets  of  this  character.  The  vascular  bundles  of  all  these  rootlets  are  of 
the  diarch  type,  though  possibly  they  may  also  be  regarded,  both  in  structure 
and  development,  as  resembling  the  concentric  bandies  of  Lycopodiaceous  stems. 

This  plant,  which  I  propose  to  distinguish  as  Rachiopteris  hirsuta,  is  wholly  distinct 
from  any  which  I  have  hitherto  described.  Can  it  be  identified  with  any  living  type  ? 
The  young  branches  of  the  living  Marsilece,  M.  quadrifolia  and  M.  scdvatrix,  are  clothed 
with  hairs  absolutely  identical  with  those  of  fig.  10,  and  longitudinal  sections  of 
these  branches  display  similar  irregularities  of  ramifications  to  those  shown  in  fig.  9  ; 
rootlets,  branches,  and  bases  of  fronds  being  alike  cut  through  in  sections  made  in 
almost  any  one  plane,  and  their  rootlets  also  remind  us  strongly  of  those  seen  in 
figs.  11,  12,  13.  Without  attaching  an  undue  importance  to  these  resemblances,  the 
sections  of  Rachiopteris  hirsuta  undoubtedly  suggest  closer  relationships  with  the 
Marsilece  than  with  any  other  living  j)lants  with  the  organisation  of  which  I  am 
familiar.  The  specimens  described  are  from  the  Halifax  deposits. 

I  have  at  various  times  discovered  other  forms  of  roots  or  rootlets  in  these  Halifax 
Carboniferous  beds,  some  of  which  at  least  are  sufficiently  interesting  to  be  put  upon 
record,  as  showing  the  early  period  at  which  certain  types  of  these  organs  made  their 
appearance  on  the  earth.  The  first  of  these  I  discovered  in  some  slides  also  prepared 
for  me  by  Mr.  Isaac  Earnshaw,  of  Oldham. 

Fig.  16  (Plate  4)  represents  a  longitudinal  section  through  a  very  delicate  root,  of 
which  I  have  a  number  of  fragments.  Their  most  characteristic  feature  resides  in 
the  circumstance  that  them  secondary  rootlets  are  given  off  in  numerous  verticils,  c,  c. 
The  cellular  parenchyma  of  which  they  consist  exhibits  extremely  limited  differentia¬ 
tion.  A  primary  vascular  bundle,  a,  composed  of  barred  vessels,  runs  down  the 
centre  of  the  primary  axis  ;  and  secondary  ones,  composed  of  vessels  of  smaller 
dimensions,  a',  a,  bend  downwards  and  outwards  into  the  secondary  rootlets.  The 
jDarenchyma,  h' ,  immediately  surrounding  the  primary  bundle  consists  of  long,  narrow’, 
thin-walled  cells,  wdiich  are  invested  by  an  external  bark,  h,  composed  of  a  larger  and 
more  strongly  marked  form  of  parenchyma. 
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I  have  several  transverse  sections  of  this  root  in  my  cabinet,  one  of  wliicli  is 
represented  in  fig.  17  (Plate  4).  In  its  centre  is  a  vascular  bundle,  a,  having  a 
somewhat  irregular  triangular  section.  This  is  invested  by  a  zone  of  delicate 
parenchyma,  h.  An  enlarged  representation  of  the  transverse  section  of  this  bundle 
is  given  in  fig.  18  (Plate  3).  On  the  upper  side  of  fig.  17  are  long  sections  of  five, 
c,  c,  c,  c,  c,  of  the  radiating  secondary  rootlets  of  the  vertical  axis  from  the  cortical 
layer  h' ,  of  which  they  are  extensions.  Two  similar  specimens  indicate  that  there 
were  from  ten  to  eleven  rootlets  in  each  such  verticil.  As  the  cells  of  the  cortex  h 
are  prolonged  into  each  rootlet  they  become  elongated  radially.  Fig.  18  indicates  that 
the  central  bundle  of  fig.  17,  here  further  enlarged,  is  a  triangular  one.  Fig.  19 
represents  a  similar  bundle  of  another  transverse  section  like  fig.  1  7,  and  enlarged 
equally  to  fig.  18.  It  exhibits  in  a  similar  way  the  bundle  a,  surrounded  by  its 
investment  of  either  procambium  or  phloem.  It  is  obvious,  therefore,  that  the  trans¬ 
verse  section  of  the  primary  bundle  of  this  root  was  triangular,  presenting  at  least 
all  the  essential  characteristics  of  a  triarch  root.  I  would  distinguish  this  plant, 
which,  like  that  last  described,  is  also  fi’om  Halifax,  by  the  provisional  name  of 
Rhizonium  verticillatum. ^ 

Whatever  may  be  the  case  with  figs.  17  and  18,  I  think  there  can  be  no  doubt 
that  fig,  20  is  a  transverse  section  of  a  true  triarch  root,  enlarged  42  diameters. 
Fig.  21  represents  the  centre  of  the  same  section  still  further  enlarged  ;  a  is  a 
triarch  vascular  bundle  ;  h,  a  concentric  phloem ;  d,  cycloidal ly  arranged  cells  of 
the  cortex. 

Fig.  22  (Plate  3)  is  an  obliqpe  transverse  section  of  a  cylindric  rootlet  of  another 
description  ;  at  a  a  few  vessels  or  tracheids  occupy  the  centre  of  a  mass  of  delicate 
elongated  cells,  either  representing  phloem  or  procambium.  The  middle  cortex,  h, 
consists  of  a  loose  form  of  parenchyma,  enclosing  numerous  irregular  large  lacunse  of 
the  type  so  common  in  the  roots  of  the  Nymphese.  Of  course,  this  indicates  no 
systematic  relation  with  the  latter  plants,  beyond  the  fact  that  our  fossil  root  most 
probably  belonged  to  some  aquatic  or  semi-aquatic  type.  At  c  is  a  compact  quasi- 
epidermal  investing  layer  of  cells.  The  specimen,  which  is  from  one  of  the  Oldham 
nodules,  may  be  designated  Rhizonium  reticulatum. 

Fig.  23  (Plate'  3)  is  a  somewhat  larger  rootlet,  also  with  a  lacunar  cortex.  A 
strongly  defined  vascular  cylinder,  b,  encloses  a  delicate  medullary  parenchyma  a, 
and  is  invested  by  a  compact  zone  consisting  of  several  cycloidally  arranged  rows  of 

*  I  was  at  first  inclined  to  include  these  root-like  objects  in  my  provisional  group  of  Rachiopteris ; 
but,  since  they  present  few  or  no  indications  of  being  either  rhizomes  or  petioles,  I  have  determined  to 
utilise  Corda’s  term  Bhizonium  for  them.  Corda’s  objects,  to  which  he  gave  this  generic  name,  he 
appears  to  have  regarded  as  being  probably  the  roots  of  Orchidaceous  plants  ;  but  they  are  really  irndis- 
tinguishable  from  the  rootlets  of  Stigmaria  ficoides.  Corda’s  definition  of  his  genus,  “  Radiculse  para- 
siticse,  intertext®,  cortice  parenchymatosa  ;  fascicule  vasorum  solitaris  central!  vagina  propria  inclnso  ” 
(•Flora  der  Vorwelt,’  p.  46),  is,  with  the  exception  of  the  two  first  adjectives,  fully  applicable  to  my 
plants. — February  12th,  1889. 
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enclodermal  cells,  o.  Numerous  thin  vertical  plates,  d,  chiefly  but  a  single  row  of 
cells  in  thickness,  radiate  from  the  zone  c  to  the  thicker  peripheral  one  f,  encircling 
numerous  large,  radially-disposed  lacunae.  Every  feature  of  this  apparent  root 
reminds  us  of  the  structure  of  the  cortex  of  Asteropkyllites  Williamsonis,  described  in 
my  memoir.  Part  XII.*  Whether  or  not  the  two  belong  to  the  same  plant  cannot  at 
present  be  determined.  The  specimen,  which  is  from  Halifax,  may  be  named 
Rhizonium  lacunosum. 
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Rachiopteris  Grayii,  with  transverse  section  of  the 
vascular  axis  and  some  of  its  appendages  :  a,  medul¬ 
lary  parenchyma ;  a,  five  radial  extensions  of  the 
same ;  h,  vascular  axis  ;  h',  end  of  the  ray,  h"  of  &, 
detached  to  form  the  vascular  centre  of  a  lateral 
appendage  ;  c,  a  band  of  an  apparently  structural 
tissue,  but  possibly  an  only  result  of  mineralisation  ; 
d,  numerous  appendages,  probably  adventitious  root¬ 
lets,  Number  which  the  specimen  figured  bears  in  my 
Cabinet,  1832.  XlO . 

! 

i 

156  1 

I 

2 

A  second  section  somewhat  similar  to  fig.l ;  //,  the  cylin¬ 
drical  axis  of  lateral  organ,  c,  as  in  e,  fig.  3.  Cabinet 
number,  1833.  XlO . 

i 

156 

1 

3 

Part  of  a  section  resembling  1  and  2,  including  a 
Zygopteroid  petiole  :  f,  the  central  part  of  its  vas¬ 
cular  bundle  ;  d ,  a  zone  investing  the  vascular 
bundle  of  the  petiole  identical  in  its  nature  with 
that  investing  fig.  1  at  c ;  c,  a  cylindrical  appendage 
like  fig.  2,  6  ;  d,  d,  rootlets ;  g,  black  carbonised 
cortical  tissue.  Cabinet  number,  1831.  X  9 

156  i 

1 

4 

Section  of  a  well  preserved  Zygoj)teroid  petiole,  like 
fig.  3  :  f,  the  central  bar  of  its  vascular  bundle ; 
f',  f",  its  transverse  bars ;  c,  an  investment  of  the 

i 

*  ‘  Phil.  Trans.,’  1883. 
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tissue  c  of  figs.  1  and  2  ;  g,  carbonised  cortical  paren¬ 
chyma.  Cabinet  number,  1818.  X  7  .  .  .,  . 

157 

1 

5 

A  small  detached  vascular  axis  having’  the  appearance 

1 

of  being'  metamorphosed  into  a  structure  like  the  axis 
h  of  fig.  1  ;  a,  its  incipient  medullary  centre,  with 
traces  of  four  radiations,  like  the  five  a,  a,  of 
fig.  1.  X  11 . 

157 

2 

5a 

A  transverse  section  of  a  cylindrical  appendage,  like 

fig.  3,  e,  but  in  the  centre  of  the  vascular  axis,  e,  is  a 
point  from  whence  radiate  three  lines  apparently 
identical  wdth  the  five,  a,  a,  of  fig.  1.  Cabinet 
number,  1830.  X67  . 

157 

2 

6 

Transverse  section  of  a  petiole  of  Zygog)teris  Lacattii : 

j 

i 

y,  y,  its  division  into  two  secondary  petioles  ;  a,  cen¬ 
tral  vascular  bundle  of  the  petiole ;  a,  a ,  secondary 
vascular  bundles  supplying  the  two  branches,  y,  y  ; 
a,"  a" ,  vascular  bundles  destined  for  ternary  branches 
or  pinnules.  Inner  cortical  layer  with  gum  canals,  h. 
Cabinet  number,  1181.  X2 . 
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i 
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1 

2 

7 

Slightly  oblique  section  through  the  central  or  vas- 

culo-medullary  axis  of  Colamostacliy?,  Binneyana :  a, 
medullary  parenchyma  ;  6,  6,  a  few  peripheral  barred 
vessels  :  h,'  h',  clusters  at  each  of  the  four  angles 

! 

containing  large  numbersof  barred  vessels  or  tracheids. 

Cabinet  number,  1004.  Xl5 . 

160 

2 

8 

A  transverse  section  of  strobilus  of  Calamostachys  Bin- 

neyana  :  a,  central  or  vasculo-medullary  axis ; 
li,  coarse  outer  cortex ;  v,  fertile  sporangiophores  ; 
V,  enlarged  shield-like  extremities  of  these  sporan¬ 
giophores  ;  v,"  V,"  accumulations  of  tracheids  within 
the  peripheral  margins  of  these  shield-like  expan¬ 
sions  and  near  the  points  at  which  the  sporangia,  ic, 
are  united  to  the  sporangiophores ;  g',  g,'  tran verse 
sections  of  tlie  sterile  bracts  forming  the  next  inferior 
verticil  of  these  organs ;  g' ,  g',  sections  of  the  upper 
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parts  of  a  still  lower  verticil  of  tire  same  organs. 
Cabinet  number,  1000.  X  40. 

A  section  through  a  branching  fragment  of  Rachiopteris 
hivsuta :  A,  oblique  longitudinal  section  through  a 
portion  of  a  stem  or  branch ;  a,  a  large  vascular 
bundle  composed  of  beautifully  reticulated  or  pitted 
vessels  ;  6,  V ,  cortical  layers  ;  B,  a  second  bifurcating 
branch  of  the  same  group  ;  a,  the  vascular  axis  also 
dichotomosing  and  comjDOsed  of  a  mixture  of  barred 
and  reticulated  vessels  or  tracheids,  the  latter  resem¬ 
bling  those  of  A,  a ;  6,  the  inner  cortex  correspond¬ 
ing  to  A,  h" ;  A,  outer  cortex,  like  A,  6 ;  a 
zone  of  somewhat  thickened  prosen chymatous  cells  ; 
c,  a  transverse  section  of  a  small  lateral  outgoing 
branch,  similar  to  a  second  one  at  d.  At  ^  is  a 
transverse  section  of  a  corticated  branch  or  root, 
with  a  vascular  bundle  in  its  centre,  surrounded 
by  two  layers  of  a  cortex,  apparently  like  h"  and  V 
oh  the  branch  B  ;  g  and  g,  external  cortical  surfaces 
densely  clothed  with  large  curved  multicellular 

hairs.  Cabinet  number,  1847.  Xl4 . 

The  clusters  of  hairs  between  the  points  g  and  g 

further  enlarged.  X43 . 

Transverse  section  of  a  branch  of  Rachiopteris  hirsuta  ; 
a,  the  central  vascular  axis  composed  of  reticulated 
tracheids  ;  c,  a  zone  of  delicate  parenchyma  enclosed 
within  6,  which  latter  seems  closely  to  resemble  a 
bundle-sheath ;  g,  g  ,  g",  g" ,  four  radiating  appendages 
passing  outwards  from  the  supposed  bundle-sheath, 
h,  through  the  bark.  These  are  probably  roots. 

Cabinet  number  1845.  X  40  . 

Obliquely  tran verse  section  througli  another  branch  of 
Rachiopteris  hirsuta  passing  through  the  central 
vascular  bundle  at  a  ;  h,  the  apparent  bundle-sheath  ; 
c,  the  zone  of  the  probable  phloem ;  d,  d,  d',  three  ■ 
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13 

radiating  rootlets,  d"  being  intersected  transversely  ; 
e,  cortical  parenchyma.  Cabinet  number,  1846. 

X  17 . 

A  transverse  section  of  a  free  rootlet,  with  a  structure 

161  1 

4 

14 

identical  with  that  of  fig.  12,  d";  a,  a  central  vascular 
axis;  6, apparent  bundle-sheath,  enclosing  the  phloem, 
c,  with  the  two  cortical  layers,  d'  and  e.  Cabinet 

number,  1844.  X38  . 

A  section  of  a  second  free  rootlet  like  fig.  13  :  h, 

161 

1 

. 

15  1 

apparent  vascular  bundle-sheath,  enclosing  the 
apparent  phloem,  c,  and  again  invested  by  the  two 
cortical  layers,  d  and  e.  The  vascular  bundles  are 
either  those  of  a  diarch  root  or  they  are  concentric 
bundles  like  those  of  Ferns,  the  development  of 
which  began  in  the  two  foci  of  an  ellipse  of  pro¬ 
cambium.  Cabinet  number,  1844.  X  38  .  .  . 

Section  of  another  and  apparently  younger  rootlet 

1 

! 

i 

161 

16  ’ 

than  13  and  14,  in  which  the  cortical  cells,  e, 
are  arranged  in  the  cycloidal  order  common 
amongst  these  young  rootlets  :  a,  vascular  bundle  ; 
h,  bundle-sheath  or  pericambium  ;  c,  zone  occupied 

by  phloem.  X96 . 

Longitudinal  section  through  the  root  of  Rliizonium 

161  ; 
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17 

verticillatum  :  a,  a  central  vascular  bundle  ;  a  ,  secon¬ 
dary  vascular  bundles  going  obliquely  downwards  to 
the  several  rootlets  of  each  verticil  c,  c  ;  h',  delicate 
parenchyma  surrounding  the  vascular  bundle ;  h, 
outer  cortical  parenchyma.  Cabinet  number,  1909. 

X  15 . 

Transverse  section  of  a  root  like  fig.  16  :  a,  a  central 

i 
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vascular  bundle  the  transverse  section  of  which 
is  triangular ;  h',  inner  cortical  cells  arranged  in 
cycloidal  order ;  h,  external  cortex  ;  c,  c,  c,  c,  c,  longi¬ 
tudinal  sections  of  the  bases  of  five  rootlets  of  one  of 
the  rootlet  verticils.  Cabinet  number,  1907.  X  65 
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Central  portion  of  fig.  1 7  further  enlarged  ;  a,  fibro- 
vascular  bundle ;  h,  phloem ;  t*,  inner  cortex. 

X  400  . 

1 
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19 

Central  vascular  axis  of  another  transverse  section  like 

1 7,  enlarged  equally  to  fig.  18:  a,  vascular  bundle ; 
h,  phloem  ;  c,  cortical  parenchyma.  Cabinet  number, 
1234.  X  400  . 
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20 

Transverse  section  of  a  triarch  root,  from  Halifax  :  a, 
triarch  vascular  bundle  ;  h,  phloem  or  procamhium  ; 
c,  position  of  the  bundle-sheath  ;  d,  cortex.  Cabinet 
number,  1234.  X  44  . 
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Central  portion  of  fig.  20,  further  enlarged  :  a,  vascular 
bundle;  h,  phloem;  d,  cortical  cells.  X  175 

162  ’ 
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22 

Obliquely  transverse  section  of  a  root  with  a  lacunar 
cortex,  from  Halifax  :  a,  the  vasculo-medullary  axis 
with  some  vessels  imbedded  in  procambial  or  phloem 
tissue  ;  6,  inner  cortex  with  large,  radiating,  irregular 
lacunse ;  c,  outer  cortex.  Cabinet  number,  1350. 

X  45 . 
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23 

Transverse  section  of  another  lacunar  root :  a,  medul¬ 
lary  cells ;  6,  cylinder  of  tracheids ;  c,  cycloidally- 
arranged  endodermad  cells  ;  d,  numerous  thin  radia¬ 
ting  cellular  laminae,  extending,  when  not  ruptured, 
from  the  endoderm,  c,  to  the  external  cortical 
parenchyma,  f,  and  including  numerous  large 
lacunae,  e.  Cabinet  number,  1892.  X  7  . 
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Part  I. 

§  1.  Introduction. 

In  our  investigation  of  the  action  of  the  excised  Mammalian  heart,""  Dr.  Reid  and 
I  left  undetermined  'certain  points  relating  to  its  electromotive  variations,  more 
especially  those  which  accompany  the  spontaneous  beat  of  the  excised  organ.!  The 
nature  and  direction  of  deflections  were  very  variable,  and  indicated  no  regular  origin 
or  mode  of  progression  of  the  excitatory  process.  In  62  observations  we  observed 
in  17  cases  apex  negativity  alone,  in  17  base  negativity  alone,  in  16  apex  followed  by 
base  negativity,  in  12  base  followed  by  apex  negativity.  We  then  remarked  that  the 
numerous  irregularities  met  with  in  experiments  upon  the  excised  Mammalian  heart 
were  presumably  due  to  irregularities  and  inequalities  of  tissue  in  the  d3dng  organ, 
which  might  have  been  due  to  differences  of  temperature,  or  to  accidental  injuries, 
kc.  ;  but  we  were  unable  to  verify  the  supposition  b}^  any  experimental  reproduction 

*  ‘Phil.  Trans.,’  B.,  1887,  p.  215. 
t  Lnc.  cir,  p.  234. 
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of  these  irregularities.  Most  of  the  observations  reported  in  Part  I.  had  for  their 
object  to  clear  this  ]3art  of  the  subject  as  far  as  possible  to  me. 


§  2.  Experimental  Modification  of  the  Electrical  Variation  connected  ivitfi  the 

Spontaneoim  Beat. 

The  methods  followed  have  been  in  the  main  those  described  in  the  paper  already 
referred  to,”"  wdth  certain  modifications  of  detail,  such  as  the  use  of  d’ Arson val’s 
chloride  of  silver  electrodes  (which  proved  to  be  convenient  and  excellent  for  the 
purpose  in  view),  and  with  this  difference,  that,  in  order  to  examine  the  as  far  as 
possible  intact  and  uninjured  organ,  the  heart  was  examined  in  situ,  the  thorax  being 
laid  open  and  its  walls  fixed  to  a  board  immediately  after  the  decapitation  of  the 
animal.  The  heart,  liaving  been  examined  in  situ,  was  then  excised  and  re-examined 
electrically. 

Experimeni  1. — Kittens  heart.  March  31st,  1888. 
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„  (exc.  of  apex) . 

SN 

Spontaiieous  beat . 

20 

SN 

„  after  iujuiy  of  apex . 

N 

When  electrode  B  was  in  contact  with  the  auricle,  which  was  heating  twice  to  each  ventriciilar  beat, 
the  variation  was  of  the  folloAviirg  rhythm: — 

n  wSN  n  «SN  n  ??.SN, 

or,  expressed  graphically. 


When  electrode  B  w^as  in  contact  wdth  the  base  of  the  ventricle  the  variation  w'as  of  the  rhythm 
SN  .  .  .  SN,  the  electrometer  not  being  inflirenced  by  the  auricular  contractions. 


*  Loc.  cit.,  p.  235  (heart  led-off  to  electrometer  from  tw'O  points  A  and  B), 


With 


Wilh 


A  to  HgSO.j'l  variation  N  signifies  A  negative  to  B. 
B  to  Ilg  J  „  S  „  B  „  A. 

A  to  Hg  1  „  N  „  B  „  A. 

BtoH.SOJ  „  S  „  A  ,,  B. 
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Experiment  2. — Kittens  heart.  April  1st,  1888. 


Time  after 
fleatli. 

.V  to  Hg. 

A  to  H  so.,. 

min. 

var. 

Spontaneous  beat . 

Heart  excised — 

i) 

SN 

Spontaneous  beat . 

sN 

.,  after  injury  of  apex . 

N 

,,  ,,  ,,  and  of  base . 

1 

..N 

Experiment  3. — Cat's  heart.  April  21st,  1888.  Death  by  decapitation.  Five 
minutes  after  death  the  apex  of  the  heart,  consisting  of  the  left  ventricle,  rvas  pulse¬ 
less  and  in  firm  rigor  ;  the  l^ase  of  the  heart,  consisting  of  the  right  venti’icle,  ^va.s 
at  the  same  time  regularly  contracting  about  30  per  minute  ;  the  auricles  were  also 
regularly  contracting  at  a  rate  of  120  per  minute;  this  condition  was  observed  till 
20  minutes  post  mortem. 


Apex  to  Hg. 
Liver  to  Hm 

O 

Neck  to  Hg. 
Neck  to  Hg. 
Apex  to  Hg. 


Base  to  H^SO^. 
Base  to  HgSO^. 
Base  to  HoSO^^. 
Auricle  to  H2SO4,. 
Neck  to  H2SO4. 


A^ariation  N. 

N. 

N. 


?  5 


n. 

0. 


Remarks. — The  condition  of  the  ventricles  was  such  that  the  right  ventricle  formed 
a  loose  pulsating  pouch,  connected  with  the  upper  two-thirds  of  the  firmly  contracted 
left  ventricle.  The  contractions  of  the  right  ventricle  were  regular  but  small,  and 
visible  only  at  the  basal  part ;  the  electrometer  indicated  negativity  of  the  contracting 
portion.  If,  with  one  leading-off  electrode  applied  to  an  indifferent  part,  the  other 
leading-off  electrode  was  shifted  to  a  distance  from  the  actually  contracting  portion, 
the  excursion  was  quickly  lessened  and  lost ;  if  it  was  shifted  to  the  auricle,  the 
N  variation  of  a  ventricular  rhythm  gave  way  to  the  much  more  frequent  variation 
n  of  auricular  rhythm. 

Nothing  can  be  clearer  than  these  effects  of  injury  at  base  and  apex  respectively. 
The  diphasic  variation  SN  (viz.,  apex  negativuty  followed  by  base  negativity)  is, 
in  Consequence  of  injury  of  the  apex,  converted  into  the  monophasic  variation  N 
(unbalanced  negativity  of  base).  iAfter  a  time  the  diphasic  variation  SN  re-appears, 
and  now  it  is  converted  into  the  monophasic  variation  S  (unbalanced  negativity  of 
apex)  in  consequence  of  injury  of  the  apex.  These  facts,  illustrated  in  fig.  1,  are 
precisely  similar  to  those  observed  by  Burdon  Sanderson  and  Page  upon  the 
ventricle  of  the  Frog  and  Tortoise,  the  only  difference  being  in  the  nature  of  the 
normal  variation  antecedent  to  injury. 

*  ‘  Journal  of  Physiology,’  vol.  2,  p.  418  ;  vol.  4,  p.  33.5. 
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The  early  inoiiopliasic  variation  which  Dr.  Keid  and  I  had  so  frequently  under 
observation  Avith  the  Mammalian  heart  immediately  after  excision  was  probably  of 
this  nature  ;  it  is,  indeed,  “  the  expression  of  local  predominance  of  a  change  taking- 
place  throughout  the  whole  ventricle,”  *  but  our  opinion  concerning  it,  to  the  effect 
that  the  single  variation  is  proof  of  a  practically  single  and  simultoneous  change 

Eig.  1. 


Apex  negativity,  followed  by 
base  negativity 


Enbalanced  negativity  of  base 


Unbalanced  negativity  of  apex 


Apex  negativity,  followed  by 
base  negativity 


Base  negativity,  followed  by 
apex  negativity 


(Apex  of  beai't  to  mercury  of  electrometei'.  Base  of  licait  to  sulplmric  acid  of  electrometer.) 

taking  place  throughout  the  ventricle,  is  no  longer  justified.  The  diphasic  variation 
can  be,  as  above  described,  rendered  monophasic  by  injury  on  the  Mainmalian,  as  on 
the  Batrachian,  heart ;  bearing  in  mind  the  extreme  susceptibility  of  the  Mammalian 
heart,  we  must  regard  as  highly  probable  that  a  monophasic  variation  is  a  conse¬ 
quence  of  injury,  and  that  the  normal  variation  is  diphasic. 

Conjirmafory  experiment. — That  a  monophasic  variation  is  no  evidence  of  simul- 

*  Log.  cit.,  p.  241. 


Xature  of  beat. 


1.  Normal  spontaneous 


2.  Spontaneous  Avitb  injured 
apex 


3.  Spontaneous  witb  iujui-ed 
base 


4.  Excited  from  apex  . 


5.  Excited  from  base 


Electrical  variation. 


Tff 


SN 


N 


SN 


NS 
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taneity  of  action  throughout  a  contractile  mass,  l)ut  tliat  it  may  depend  u]jon 
unbalanced,  and  therefore  predominant,  negativity  of  a  less  injured  and  literally 
“  stronger”  portion  of  tissue,  is  very  clearly  shown  with  a  strip  cut  from  a  fresh  ven¬ 
tricle.  It  is  not  difficult  in  this  case  to  combine  mechanical  with  electrical  exploration. 
Two  levers  resting  upon  the  ventricle-strip  record  the  passage  of  the  wave  of  contrac¬ 
tion,  and  the  strip  is  at  the  same  time  led  off  from  each  end  to  the  electrometer.  A 
stimulus  is  applied  to  one  end,  the  contraction  passing  along  the  strip  is  recorded  by 
the  two  levers,  and  the  electrical  variation  is  watched  in  the  electrometer.  Usually 
the  strip  will  be  found  not  to  contract  equally  strongly  in  its  whole  length,  but  one 
end  gives  a  stronger  contraction  than  the  other.  With  this  inequality  of  contraction 
a  concordant  inequality  of  electrical  action  is  observed  ;  the  variation  is  not  diphasic, 
but  monophasic,  indicating  a  predominant  negativity  of  the  more  strongly  contracting 
part,  while  by  the  asynchronism  of  the  two  levers  we  obtain  ocular  evidence  of  the 
passage  of  a  wave  of  contraction.  Sometimes  the  effect  is  the  same  whether  the 
contraction  be  started  from  the  stronger  or  from  the  weaker  end  ;  only  in  the  first  case 
the  single  phase  is  an  intensified  first  phase,  in  the  second  case  it  is  an  intensified 
second  phase.  Sometimes  it  happens  that  the  inequality  of  tissue  is  of  such  a  degree 
that  by  excitation  started  at  the  “  strong  ”  end  of  the  strip  a  monophasic  variation  is 
obtained,  while  by  excitation  at  the  “  weak  ”  end  a  diphasic  variation  is  obtained, 
consisting  of  a  minor  first  phase  (negativity  of  the  weak  end),  followed  by  a  major 
second  phase  (negativity  of  the  strong  end). 


Fig.  2. 


Excitation  of  A  gives  Variation  S  (predominant  1st  phase). 

,,  B  ,,  ,,  S  (predomiirant  2nd  phase)  ; 

or  ??S  (minor  1st  phase  ;  major  2nd  phase). 

The  phenomena  observed  on  the  excised  isolated  auricle  are  of  a  similar  character. 
Adopting  the  disposition  above  described,  we  may  witness  the  passage  of  a  wave  of 
mechanical  contraction  attended  by  a  monophasic  variation,  due  to  injury  of  its 
ventricular  portion  and  consequent  unbalanced  negativity  of  the  appendicular  end. 
What  is  the  order  of  occurrence  of  the  two  phases  ? 

Examination  of  the  uninjured  heart  m  situ  shows  that  in  the  majority  of  cases  it 
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is  (1)  negativity  of  apex  followed  by  (2)  negativity  of  base.  Contrary  to  the  case  of 
the  Frog,  in  which  the  normal  variation  has  its  initial  phase  at  the  base  and  its 
terminal  phase  at  the  apex  of  the  ventricle,  the  normal  variation  of  the  Mammalian 
ventricle  exhibits  an  initial  phase  at  the  apex  and  a  terminal  phase  at  the  base.  In 
onr  previously  quoted  paper  on  the  excised  Mammalian  organ.  Dr.  Deid  and  I  stated 
(p.  230)  that  “  in  the  spontaneous  beat  of  the  excised  organ  the  contraction  of  the 
apex  generally  appears  to  precede  that  of  the  base.”  Out  of  25  observations,'''  in 
17  the  mechanical  effect  of  contraction  manifested  itself  at  the  apex  first,  in  2  at  the 
base  first,  in  6  there  was  no  appreciable  difference.  Taken  by  themselves,  these 
observations  went  to  show  that  the  contraction  of  the  Mammalian  heart  normally 
commences  at  the  apex.  But  the  electrical  observations  by  which  we  sought  to 
confirm  this  testimony  obtained  by  the  mechanical  method  failed  entirely  and  obliged 
us  to  state!  “that,  as  regards  the  electromotive  changes  with  vusible  spontaneous 
beats,  our  results  show  no  uniformity  ;  we  can  find  in  them  no  evidence  either  for  or 
against  the  results  we  obtained  by  the  graphic  method.”  Observation  of  the  electrical 
variation  of  the  heart  beating  in  situ  shows  it  to  be,  in  the  majority  o  f  cases  examined 
(11  out  of  17),  composed  of  (1)  negativity  of  apex,  (2)  negativity  of  base;  having 
regard  to  the  fact  that  the  organ  is  unstable  and  dying,  we  may  expect  to  meet  with 
exceptions  to  the  rule,  which,  although  by  no  means  invariable,  has  been  frequently 
enough  verified  to  allow  us  to  say  of  the  Mammalian  ventricle  “  apex  first  ”  with 
]) early  as  much  certainty  as  we  say  of  the  Frog’s  heart  “base  first.”  As  will  be 
shown  in  Part  II.,  the  electrical  phenomena  of  the  Human  heart  afford  strong  con¬ 
firmation  of  this  view. 

I  must  admit,  however,  that  these  observations  on  the  exposed  organ  in  situ  have 
been  the  most  troublesome  and  unsatisfactory  in  respect  of  theii'  irregidarities  ;  six 
exceptions  as  compared  with  eleven  “regular”  results  is  a  considerable  proportion, 
and  I  have,  therefore,  sought  by  further  observations  to  realise  the  effect  of  modifying 
circumstances,  and  the  possible  sources  of  irregularities.  I  will  deal  with  these  points 
seriatim. 

A  source  of  fallacy. — A  possible  source  of  an  error  of  observation  arises  from  the 
application  of  electrode  B  in  close  proximity  to  the  auriculo-ventricular  groove  or  in 
actual  contact  with  the  auricle.  Under  these  circumstances,  the  auricular  contraction 
may  Influence  the  electrical  reading,  which  must  not  therefore  be  attributed  to  the 
ventricle  alone ;  an  electrometer  reading  in  reality  due  to  auricular  followed  by 
ventricular  negativity  might  be  taken  to  represent  basal  followed  by  apical  negativity 
of  the  ventricle  alone.  If  tlie  auricles  should  be  beating  w'lth  a  more  rapid  rhythm 
than  the  ventricles  (as  commonly  occurs  in  the  moribund  Mammalian  heart),  there  will 
obviously  be  no  danger  of  confusing  auricular  with  basal  negativity  ;  but,  if  auricles 
and  ventricles  should  be  beating  in  regular  sequence,  it  is  necessary  to  be  on  guard 

*  Log.  cit.,  p.  249,  Table  H. 

t  Loc.  cit.,  p.  234. 
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against  tins  })ossibility,  which  will  he  particularly  misleading  if  the  ti’ue  hasal  phase 
should  happen  to  he  weak  or  absent,  but  which  may  also  confuse  the  i-eading  of  a 
normal  ventricular  variation.  An  illustration  of  this  point  is  given  in  the  note  to 
Experiment  1. 

The  origin  of  the  excitatory  ^^rocess  can  he  experimentally  determined. — Apart  from 
the  fact  that  true  stimuli  are  capable  of  starting  the  excitatory  process  from  any  part 
of  the  ventricle,  I  have  found  that  it  is  possible  by  local  alteration  of  temperature  to 
determine  the  origin  of  a  series  of  contractions.  An  excised  ventricle  which  has 
become  quiescent  can  be  made  to  resume  rhythmic  contractions  by  raising  its  tem¬ 
perature.  If  this  be  done  in  such  a  way  that  the  apex  is  more  warmed  than  the  base, 
the  diphasic  variation  at  each  contraction  has  directions  denoting  origin  at  apex ;  if  in 
such  a  way  that  the  base  is  more  warmed  than  the  apex,  the  directions  of  the  diphasic 
variation  indicate  origin  at  base. 

Spontaneons  modification  ofi  the  ventricular  variation. — It  commonly  happens  that 
an  original  monophasic  variation  gradually  gives  place  to  a  diphasic  variation  ;  this 
change  may  be  atti’ibuted  to  either  of  two  causes  :  (1)  to  the  subsidence  of  injury  at 
the  injured  lead-off,  or  (2)  to  the  development  of  injury  at  the  normal  lead-off. 


Fio-.  3. 


It  appears  to  me  probable  that  both  these  causes  may  j^lay  a  part  in  producing  the 
effect  in  question  ;  as  regards  the  first  cause,  we  have  in  the  Mammalian,  as  in  the 
Batrachian  heart,  a  rapid  decline  of  the  negativity  manifested  immediately  after 
injury  ;  the  negativity  is  doubtless  an  expression  of  chemical  activity  at  and  near  the 
injured  zone,  or,  in  other  words,  of  a  state  of  continued  excitation  ;  immediately  after 
injury  the  degree  of  the  alteration  is  such  as  to  leave  no  margin  for  the  manifestation 
of  the  excitatory  effect  (negativity)  at  the  part,  and  an  unbakniced  negativity  of  any 
other  normal  part  is  witnessed  in  the  shape  of  a  monophasic  variation  when  the  organ 
contracts.  The  alteration  is  at  first  at  a  maximum,  and  gradually  subsides  until  it 
leaves  a  maro-in  of  susceptibility  within  which  excitatory  eftects  (negativity)  can  be 
evidenced,  and  now  we  witness  a  diphasic  variation  composed  of  the  preponderant 
negativity  of  a  normal  part  and  of  the  recovering  negativity  of  the  injured  part.  It 
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is  convenient  to  allncle  to  these  two  phases  as  the  major  phase  and  the  minor  phase 
respectively. 

In  the  diagram,  fig.  3,  o  .  .  .  o  denotes  the  iso-electric  state  of  two  led-off  points,  A 
and  B ;  the  ordinate  o  —  denotes  the  maximum  negativity  of  B  manifested  imme¬ 
diately  after  injury  ;  the  line  —t  denotes  the  gradually  declining  negativity  of  B. 

I.  represents  a  normal  diphasic  variation. 

1st  phase,  A  negative.  2nd  phase,  B  negative. 

II.  represents  a  monophasic  variation  after  injury  of  B  ;  unbalanced  negativity 
of  A. 

III.  and  IV.  represent  diphasic  variations  re-appearing  as  the  negativity  of  B 
declines. 

1st  phase,  A  negative  (major  phase). 

2nd  phase,  B  negative  (minor  phase).- 

The  facts  of  experiment  are  in  complete  agreement  with  this  theoretical  representa¬ 
tion.  With  a  normally  beating  heart  in  situ,  led  off  from  the  apex  to  the  mercury  of 
the  electrometer,  from  the  base  to  the  sulphuric  acid,  the  level  of  the  mercury  in 
the  capillary  showed  that  apex  and  base  were  iso-electric  in  the  intervals  between 
the  beats,  each  of  which  was  accompanied  by  the  double  variation  SN,  signifying  : — 

1st  phase,  apex  negative. 

2nd  phase,  base  negative. 

The  base  was  now  injured  by  crushing  with  forceps  ;  on  re-applying  the  eleclrode  to 
the  injured  base,  the  mercury  in  the  capillary  came  to  rest  in  the  diastolic  period 
much  nearer  the  end  of  the  capillary  [i.e.,  North  in  the  field  of  the  microscope), 
indicating  iiegativity  of  the  base  ;  each  beat  was  now  accompanied  by  a  single 
variation  S,  indicating  negativity  of  the  apex.  Ten  minutes  later  the  mercury  had 
subsided  South  (indicating  declining  negativity  of  the  base) ;  each  beat  was  now 
accompanied  by  a  variation  S?^,  signifying : — 

1st  phase,  apex  negative  (major  phase). 

2nd  phase,  base  negative  (minor  phase).  . 

Ten  minutes  later  the  variation  was  still  diphasic  ;  but  tlie  1st  phase  had  diminished, 
while  the  2nd  pljase  had  increased. 

The  changes  accompanying  the  subsidence  of  injury  negativity  do  not  always  follow 
the  above  regular  form ;  in  some  cases  the  heart  dies  so  rapidly  that  spontaneous 
beats  giving  the  double  phase  do  not  re-appear,  though  mechanical  excitation  may  still 
be  capable  of  producing  a  contraction  marked  by  a  double  phase  ;  in  other  cases  the 
double  phase  re-apjDears  at  first  in  an  intermittent  manner,  most  beats  being  still 
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marked  by  a  mouophasic  and  only  a  few  by  a  diphasic  variation,  which,  as  time  goes 
on,  becomes  gradually  more  frequent  until  it  is  established  as  the  regular  accompani¬ 
ment  to  every  beat. 

Effects  of  double  injury.-^As  stated  above,  the  conversion  of  a  diphasic  into  a 
monophasic  variation  can  be  effected  at  will  by  injury,  and  T  have  just  said  that  the 
monophasic  variation  thus  effected  may  gradually  give  place  to  a  diphasic  variation  ; 
it  rem.ains  to  add  that  this  may  sometimes  be  done  at  once  by  a  second  injury.  Thus, 
for  instance,  in  a  heart  giving  a  spontaneous  variation  SN  (apex  negative,  base 
negative),  this  was  replaced  by  a  variation  N  (unbalanced  negativity  of  base)  after 
injury  of  apex,  and  this  again  was  at  once  replaced  by  a  variation  SN  after  a  subse¬ 
quent  injury  of  the  base  {vide  Experiment  2).  Apparently,  the  balance  between  the 
two  led-off  parts  can  be  at  least  partially  restored  when,  after  one  part  has  been 
injured,  the  second  is  similarly  injured. 

A  triphasic  ventricular  variation. — The  ventricular  variation  sometimes  appears 
to  be  triphasic,  and  one  might  at  first  sight  interpret  it  as  being  due  to  auricular 
negativity  followed  by  the  ordinary  diphasic  variation.  This,  doubtless,  does 
frequently  give  a  variation  of  such  a  character,  but  in  certain  cases  a  treble  variation 
is  undoubtedly  caused  by  the  ventricle  alone.  A  variation  wSN  (apex  to  H0SO4 ; 
base  to  Hg)  or  sNS  (apex  to  Hg  ;  base  to  HgSO^)  cannot  be  auriculo- ventricular, 
but  must  be  an  irregularity  such  that  negativity  of  the  apex  manifests  itself  twice, 
once  at  the  beginning  and  once  at  the  end  of  the  contraction  of  the  ventricles.  The 
most  probable  interpretation  appears  to  me  to  be  that  we  have  to  do  here  with  a  case 
of  injured  base ;  apex  negativity  manifests  itself  first  and  is  not  overcome  by  subse¬ 
quent  base  negativity,  which  is  only  sufficient  to  more  or  less  interrupt  the  predominant 
apex  negativity ;  the  latter  thus  appears  to  be  twice  manifested.  The  following 
photographic  observation  is  one  among  several  others  which  can,  it  seems  to  me,  be 
thus  explained. 

Plioto.  1 . 


Ba:  Kx  Sp 


Experiment  4. — Kitten’s  heart,  excised  15  min.  post  mortem,  A.pril  13,  1  888. 

Apex  to  Hg.  Base  to  H,2S04. 

=  a  spontaneous  variation 

Ax  =  a  variation  caused  by  mechanical  excitation  of  the  apex, 

Bx  =  a  variation  caused  by  mechanical  excitation  of  the  base,  nS. 

2  A 


MDCCCLXXXTX. — B. 
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Another  instance  of  the  same  kind,  but  in  which  negativity  is  twice  marked  at  the 
base,  is  given  in  the  note  to  Experiment  5. 

It  is  possible  that  in  some  cases  differences  of  temperature  are  accountable  for 
irregular  variations  of  this  character.  If,  for  instance,  the  base  should  happen  to  be 
warmer  than  the  apex,  the  negativity  of  the  latter  wiU  outlast  that  of  the  former,  and, 
if  an  excitatory  process  should  begin  at  the  apex,  it  will  possibly  be  twice  manifested, 
once  before  the  beginning'  and  once  after  the  termination  of  basal  negativity.  Vice 
versd,  if  the  apex  should  happen  to  be  the  warmer,  an  excitatory  process  commencing  at 
the  base  might  be  twice  manifested  at  each  ventricular  contraction.  Obviously,  these 
suppositions  require  to  be  submitted  to  the  test  of  experiment,  and  I  intend  to  do  so 
as  soon  as  time  will  allow.  At  present,  however,  as  will  be  seen,  I  am  led  to  pursue 
the  phenomena  in  another  direction,  and  I  have  mentioned  the  supposition  now  only 
for  the  sake  of  completeness. 

§  3.  Observations  on  Animals  with  One  or  Both  leading-oj^  Electrodes  applied  to  the 

Body  at  a  Distance  from  the  Heart. 

The  observations  to  be  described  in  this  section  lead  up  to  those  which  will  be 
discussed  in  Part  II.  They  are  the  steps  by  which  I  gradually  learned  on  animals 
what  parts  of  the  body  are  equivalent  to  leads-off  from  base  and  from  apex  of 
the  ventricles.  Instead  of  exposing  the  heart  and  leading  off  from  it  by  both 
electrodes,  I  led  off  by  only  one  electrode  from  the  exposed  heart  and  by  the  other 
from  various  distant  parts  of  the  body;  finally,  I  led  off  by  both  electrodes  from 
various  distant  points  on  the  intact  animal. 

Experiment  5.  —  Cat.  April  12,  1888.  Death  by  decapitation.  Five  min.  post 
mortem,  heart  exposed.  Electrode  A  from  apex  to  Hg.  Electrode  B  from  stump  of 
neck  to  HoSO.^. 

Spontaneous  variations,  SN  alternating  with  SNS.  Electrode  B  shifted  from  neck 
to  base  of  heart. 

Spontaneous  variations,  SN  alternating  v/ith  SNS.  Thus  it  appears  that  the  lead- 
off  from  the  neck  was  ecpiivalent  to  a  lead-off  from  the  base  of  the  heart. 

Note. — The  alternation,  SN  and  SNS,  noticed  in  this  case  was  observed  to  coincide 
with  a  well-marked  bigeminal  character  of  the  contra'ctioiis  of  the  heart,  which  was 
beating  slowly.  The  contraction  of  the  base  of  the  heart,  upon  which  electrode  B 
was  applied,  was  evidently  stronger  at  each  SNS  variation  than  at  each  SN  variation. 
(S  indicates  base  negative,  N  indicates  apex  negative.)  Thus  in  this  case  the 
excitatory  process  originated  at  the  base,  and  at  every  other  beat  when  the  base 
contracted  more  strongly,  the  negativity  was  twice  manifested  at  the  base.  I  have 
several  times  noticed  this  form  of  electrical  disturbance. 

Experiment  6. — Cat.  April  17,  1888.  Killed  by  decapitation  ;  heart  exposed. 
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Apex  to 

Hg. 

and  Base  to 

H,SO,. 

Variation  N. 

Apex  to 

1  > 

,,  Mouth  to 

99 

,»  9 

N. 

Base  to 

? ; 

,,  Mouth  to 

9  9 

9  9 

NS. 

Apex  to 

?  9 

,,  Mouth  to 

9  9 

9  9 

N. 

Base  to 

5  9 

,,  Mouth  to 

99 

9  9 

NS. 

Mid  ventricle  to 

9  9 

,,  Mouth  to 

99 

99 

NS. 

Apex  to 

9  9 

,,  Base  to 

99 

9  * 

N. 

Mid  ventricle  to 

99 

,.  Base  to 

99 

9  9 

NS. 

Apex  to 

9  9 

,,  Base  to 

99 

99 

N. 

Apex  to 

9  9 

,,  Mid  ventricle  to  ,, 

9  9 

N. 

Here  again  it  appears  very  plainly  that  a  lead-off  from  the  mouth  is  equivalent  to 
a  lead-off  from  the  base  of  the  heart. 

Complementary  experiment. — In  order  to  obtain  some  idea  of  the  distribution  of 
potential  in  surrounding  parts  when  different  portions  of  the  heart  are  at  different 
potentials,  I  took  observations  with  the  capillary  electrometer,  leading  off  from  various 
parts  of  the  body,  and  leading  in  the  current  of  a  Daniell  cell  by  pins  transfixing 
the  heart  at  base  and  apex  {vide  fig.  4).  The  observations  were  taken  on  animals  the 
day  after  death,  left  exactly  in  the  position  in  which  their  hearts  had  been  examined 
on  the  previous  day. 


Experiment  7. — Cat.  April  17,  1888.  Twenty-four  hours  after  death.  Heart 
transfixed  at  apex  and  base  by  pins  constituting  the  electrodes  of  a  Daniell  cell. 
Direction  of  current  as  in  diagram  above,  e  and  ^  are  the  leading-off  electrodes  to 
mercury  and  sulphuric  acid.  The  Daniell  circuit  is  made  and  broken  by  a  spring  key, 
and  the  consequent  variations  of  the  electrometer  observed  when  e  and  i  are  applied 
to  various  parts  of  the  body.  The  results  are  as  follows  :  — 


2  A  2 
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w 


fe  near  A  tbe  variation  was  S,  that  is,  — 
nth  i 

S,  „ 


with 

wnth 

with 

with 


'■  i  near  B 

e  near  A 
i  in  mouth 

e  to  leg 
i  in  mouth 

e  near  B 
i  in  mouth 

e  near  B 
i  at  leg 


S. 


N, 


N, 


+  / 
+ 


These  variations  were  precisely  such  as  might  have  been  anticipated  from  theoretical 
considerations  ;  they  were  reversed  wuth  reversal  of  the  Daniell  current ;  they  are 
confirmatory  of  the  supposition  above  made  that  a  lead-off  from  the  mouth  is 
equivalent  to  a  lead-off  from  the  base,  and  that  a  lead-off  from  the  lower  extremity 
is  equivalent  to  a  lead-off  from  the  apex.  Experiments  of  a  similar  character  with 
single  induction  shocks  gave  precisely  similar  results. 

Experimeyit  8. — Kitten.  April  21st,  1888.  Death  by  chloroform. 


1.  Mid  ventricle  to  Hg. 

2.  Mid  ventricle  to  Hg. 

3.  Leg  to  Hg. 

4.  Auricle  to  Hfr. 

o 


Mouth  to  H3SO4. 
Leg  to  H3SO4. 
Mouth  to  H3SO4. 
Leg  to  H3SO4. 


Variation  728. 


778. 

sN. 

5  and  or  5778. 


This  experiment  presents  several  points  of  interest.  The  third  observation  is  the 
first  which  I  have  made  upon  an  animal  leading  off  the  heart  from  two  remote  points, 
viz.,  leg  and  mouth.  The  variations  with  each  contraction  of  the  heart  were  small, 
but  unmistakable.  (It  should  be  remarked  that  the  chest  was  open  and  that  circu¬ 
lation  had  ceased,  the  animal  having  been  dead  about  ten  minutes.)  The  variation 
Avas  such  as  to  indicate — 


1st  phase.  Negativity  at  leg. 
2nd  phase.  Negativity  at  mouth. 


As  will  presently  be  shown,  we  have  reason  to  admit  the  leg  as  indicator  of  the  apex 
potential,  the  mouth  as  indicator  of  the  base  potential.  Thus  we  have  in  this  case — 

1st  phase.  Negativity  of  apex. 

2nd  phase.  Negativity  of  base. 

In  the  fourth  observation  the  auricles  Avere  contra cti  112:  tAvice  to  each  A^entricular 
contraction  ;  AA'hen  the  auricle  contracted  the  variation  was  s,  indicating  negati\’ity  of 
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auricle  ;  when  the  auricle  and  ventricle  contracted  in  sequence  the  variation  was  sS 
or  indicating 

1.  Negativity  of  auricle,  viz.,  action  of  auricle. 

2.  Negativity  of  leg,  ,,  ,,  of  ventricle  apex. 

3.  Negativity  of  auricle,  ,,  ,,  of  ventricle  base. 

Observations  1  and  2  were  defective,  inasmuch  as  the  leading-off  electrode  from 

mid  ventricle  was  shifted  between  the  two  observations. 

Complementary  experiment. — The  animal  was  left  in  statu  quo,  and  two  hours  later 
differences  of  potential  were  artificially  established  by  pins  inserted  into  the  heart, 
through  which  were  passed  make  or  break  induction  shocks,  or  the  direct  current  of  a 
Daniell  cell  {vide  fig.  4).  The  results  were  as  follows  : — 

With  induced  currents.  (Make  current  from  apex  to  base  ;  break  current  from 
base  to  apex.) 

Variations. 


Mouth  to  Hg. 

Leg  to  H2SO4  .... 

At  make 
,,  break 

S. 

N. 

Leg  to  Hg. 

Mouth  to  H.3SO4 

,,  make 
,,  break 

N. 

S. 

Leg  to  Hg. 

Heart  near  base  to  H3SO4 

,,  make 
,,  break 

N. 

S. 

Leg  to  Hg-. 

Heart  near  apex  to  H2SO4 

,,  make 
,,  break 

S. 

N. 

With  the  constant  current. 


(Current  from  apex  to  base  through  heart.) 


Leof  to  Ho-. 

O  O 

Leo-  to  Ho. 

Leg  to  Hg. 
Mouth  to  Hg. 
Mouth  to  Hg. 

On  reversal  of  the  current  the 


Mouth  to  H^SO^  . 

Heart  near  base  to  H^SO^ 
Heart  near  apex  to  H0SO4, 
Heart  near  base  to  H0SO4 
Heart  near  apex  to  HgSO^ 

variations  w^ere  reversed. 


Variation  at 
closure. 

N. 

N. 

S. 

N. 

S. 


The  whole  series  of  these  variations  was  exactly  as  might  have  been  anticipated. 
They  were  uniformly  such  as  to  indicate  potential  of  the  same  sign  in  the  vicinity  of 
either  pole  as  compared  with  the  potential  at  more  distant  parts.  It  is  worth  again 
calling  attention  to  the  fact  that  potential  at  leg  agreed  with  sign  of  pole  at  apex, 
while  potential  at  mouth  agreed  with  sign  of  pole  at  base,  when  the  body  was  led  off 

*  It  is  often  very  difficult  by  inspection  to  distinguisb  between  suck  variations ;  in  the  above  case  it 
was  impossible  to  say  whether  the  variation  consisted  of  two  movoraents  in  the  same  direction  (sS),  01- 
of  two  movements  in  the  same  direction  separated  by  a  movement  in  the  opposite  direction  (snS)  ;  the 
latter  is  probably  the  correct  reading. 
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to  the  electrometer  from  leg  and  mouth.  And  I  may  add  that  I  also  experimentally 
verified  the  fact  that,  while  potential  at  mouth  agreed  with  sign  of  pole  at  base, 
potential  at  rectum  agreed  with  sign  of  pole  at  apex. 

In  the  preceding  experiments  the  electrical  variations  of  the  heart  were  observed  by 
leading  off  from  remote  points  with  the  thorax  opened,  and  with  the  heart  therefore 
lying  in  contact  with  the  tissues  by  its  posterior  surface  only.  The  next  step  was  to 
determine  whether  the  variations  can  be  observed  on  the  intact  animal,  with  the 
heart  in  contact  with  its  normal  surroundings. 

Experiment  9. — Cat.  April  23rd,  1888.  Death  by  chloroform.  Led  off  to  the 
electrometer  by  electrodes  in  the  mouth  and  in  the  vagina.  Variations  observed 
synchronous  with  the  heart’s  beat,  but  too  rapid  to  allow  their  character  to  be  deter¬ 
mined.  Apparently  each  variation  was  double,  but  it  was  impossible  to  tell  which 
was  the  first  and  which  was  the  second  phase,  the  rhythm  being — 

.  snsnsns  . 

Both  vagi  exposed,  isolated,  and  divided.  Excitation  by  induced  currents  of  either 
vagus  abolished  the  variations,  the  right  vagus  being  in  this  respect  more  efficacious 
than  the  left.  After  each  period  of  arrest,  the  first  movement  of  the  mercury  in 
the  electrometer  was  closely  watched  ;  it  was  southwards  (with  mouth  to  HoSO^  and 
vagina  to  Hg) ;  graphically  expressed,  the  effects  were — 


Similar  results  were  obtained  with  the  electrode  transferred  to  the  eyeball 

and  with  the  subsecpient  transfixion  of  the  heart  by  a  pin  connected  with  the  Hg  of 
the  electrometer.  This  was  between  ten  and  fifteen  minutes  po-^t  mortem.  The  heart 
was  now  exposed  by  opening  the  thorax,  and  vagus  effects  were  repeatedly  obtained 
up  to  about  half  an  hour^rort  mortem,  excitation  of  the  right  vagus  being  uniformly 
the  more  effectual.  Towards  the  end  of  the  experiment  the  following  point  was 
noted  :  excitation  of  the  right  vagus  arrested  the  movements  of  the  auricles  and  of 
the  ventricles  ;  excitation  of  the  left  vagus  arrested  the  movements  of  the  ventricles, 
and  not  those  of  the  auricles,  wliich  continued  to  pulsate. In  both  cases  the  move- 

*  This  was  one  among  a  considerable  variety  of  effects  which  vagus  stimulation  may  produce  upon 
the  contractions  of  the  Mammalian  heart  ^ost  mortem.  1  have  seen  vagus  stimulation  under  these 
circumstances  entirely  without  effect  upon  aiiy  of  the  four  chambers,  or  followed  by  comjjlete  ai’rest  of 
the  whole  organ,  6T  by  arrest  limited  either  to  the  auricles  or  to  tlio  ventricles.  I  have  also  seen  a 
delirium  cordis  entirely  uhintluenced  by,  or  enlircly  suspended  during,  vagus  stimulation. 
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ments  in  the  electrometer  were  arrested,  showing  that  they  were  due  to  ventricular, 
and  not  to  auricular,  contraction. 

Experiment  9  is,  in  two  respects,  a  typical  one  :  it  is  representative  of  many  others 
which  I  have  made,  in  which  the  heart  is  led  off  from  the  mouth  or  from  an  eye, 
and  from  the  rectum  or  from  an  inferior  extremity ;  electrical  variations  are  thus 
unfailingly  demonstrated  of  a  character  which  is  illustrated  in  photo.  2. 

Photo.  2. 


Electrical  vaiiations  of  Cat’s  heart,  with  body  intact,  and  led  off  from  mouth  to  Hg, 

from  rectum  to  HtiSO^. 


Cat’s  heart,  exposed  immediately  after  death  by  chloroform,  and  injured  at  the  apex  by  crushing.  Led 
off  from  auricle  to  Hg,  and  from  apex  of  ventricle  to  H^SO^.  Variations  sS.s^sS  (read  from  right  to 
left ;  s  =  negativity  of  auricle,  S  =  negativity  of  base  of  ventricles). 


It  al  so  shows  that  the  variation  observed  with  peripheral  leading-off  points  is 
exclusively  ventricular.  I  have  since  repeatedly  observed  (with  special  facility  when 
the  auricles  and  ventricles  have  happened  to  beat  at  different  rates)  that,  for  the 
demonstration  of  any  electrical  change  accompanying  auricular  contraction,  it  is 
necessary  that  one  of  the  electrodes  should  be  in  actual  contact  with  the  auricles, 
and  that,  as  soon  as  it  is  shifted  to  a  distance,  the  auricular  variation  is  lost. 
Photo.  3,  taken  with  one  electrode  in  contact  with  the  auricle  while  the  other  was 


Photo.  3. 
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applied  to  the  apex  of  the  ventricle,  shows  the  comparative  effects  of  auricular  and 
ventricular  events  ;  it  will  not  be  surprising  that,  if  both  electrodes  be  applied  to  the 
periphery,  only  the  latter  event  should  be  manifested. 

With  respect  to  the  distribution  of  cardiac  electrical  potentials  ascertained  by  the 
determination  of  “  favourable”  and  of  “unfavourable”  leading-off  points  of  the  body, 
this,  although  it  properly  belongs  to  Part  I.,  will  be  more  conveniently  considered  in 
conjunction  with  the  study  of  cardiac  potentials  on  Man. 

Part  II. 

Electrical  Variations  of  the  Heart  on  Man. 

I  now  pass  to  the  more  important  series  of  observations,  to  which  those  described 
in  Part  I.  were  the  experimental  preface. 

It  should  first  be  recalled  that,  of  the  various  points  established  in  this  preface, 
four  in  particular  have  a  special  bearing  upon  the  due  interpretation  of  the  observa¬ 
tions  about  to  be  described. 

1.  The  normal  variation  of  the  Mammalian  ventricles  is  diphasic. 

2.  The  variation  can  he  observed  on  the  intact  animal  by  leading  of' from  p>oints 

of  the  body  remote  from  the  heart. 

3.  Under  these  circumstances  the  auricular  contraction  gives  no  electrical 

indication. 

4.  A  lead-off  from  the  mouth  is  equivalent  to  a  lead-off  from  the  base  of  the 

ventricles;  a  lead-off  from  the  rectum  or  from  a  posterior  extremity  is 

equivalent  to  a  lead-off  from  the  apex. 

An  investigation  made  last  year  upon  my  own  person  gave  the  following  results^" : — 

Leading  off  from  the  surface  of  the  body  by  the  several  limbs  and  from  the  mouth, 
I  found  that  some  combinations  were  favourable,  while  others  were  unfavourable,t  to 
the  demonstration  of  the  cardiac  variation.  The  favourable  combinations  were  the 
following  : — 

Front  of  chest  and  back  of  chest. 

Left  hand  and  right  hand. 

Right  hand  and  right  foot. 

Right  hand  and  left  foot. 

Mouth  and  left  hand. 

Mouth  and  right  foot. 

Mouth  and  left  foot. 


*  ‘  Journal  of  Physiology,’  vol.  8,  p.  229. 

t  I  iise  the  terms  “favourable”  and  “  unfavoui’able  ”  for  the  following  reason: — With  a  modeiutely 
sensitive  electrometer  no  variation  is  seen  with  an  unfavourable  combination,  and  a  small  variation  is 
seen  with  a  favourable  combination ;  with  a  very  sensitive  electrometer  a  small  variation  is  seen  with  an 
unfavoimable,  and  a  comparatively  large  variation  with  a  favourable,  combination 
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The  unfavourable  combinations  were  : — 

Left  hand  and  left  foot. 

Left  hand  and  right  foot. 

Right  foot  and  left  foot. 

Mouth  and  right  hand. 

At  that  time  I  could  not  see  the  reason  of  this  difference,  and  was  surprised  to  find 
it  so.  There  was,  for  instance,  no  apparent  reason  why  a  lead-off  from  mouth  and 
right  hand  should  be  ineffectual,  while  a  lead-off  from  mouth  and  left  hand  should  be 
attended  with  a  marked  variation.  And  it  was  the  most  common  and  easily  verified 
case.  One  electrode  kept  in  the  mouth  while  the  other  dips  into  a  basin  of  salt 
solution,  into  which  first  the  left  hand  then  the  right  band  is  plunged,  yields  a  ready 
demonstration  of  a  favourable  in  contrast  with  an  unfavourable  lead-off.  Another 
illustrative  contrast  is  furnished  by  leading  off  from  hands  and  feet.  If  the  right 
hand  and  either  of  the  two  feet  be  led  off',  a  marked  electrical  variation  is  manifested 
at  each  pulsation  of  the  heart ;  if  now  the  left  be  substituted  for  the  right  hand,  no 
variation  is  apparent,  or  at  most  a  slight  one. 

Deferring  the  further  enumeration  of  cases,  I  may  at  once  offer  the  explanation  of 
these  apparently  anomalous  results. 

The  contraction  of  the  ventricles  is  not  simultaneous  throughout  the  mass,  but 
traverses  it  as  a  wave  (at  the  present  stage  the  direction  of  the  wave  of  contraction 
is  immaterial).  Inequalities  of  potential,  at  different  parts  of  the  mass,  are  con¬ 
sequently  established  at  the  beginning  and  at  the  end  of  each  systole.  Or,  to  reverse 
the  order  of  statement,  the  inequalities  in  question  are  proof  of  the  passage  of 
a  wave  of  excitation.  The  distribution  of  these  inequalities  of  potential  is 
represented  diagrammatically  in  fig,  5. 

These  data  being  transferred  to  the  entire  body,  as  in  fig.  6,  we  have  the  dark 
portion  a,  a,  a  .  .  .  as  the  area  in  which  the  potential  of  A  is  distributed,  and  the 
light  portion  6,  5,  6  ...  as  the  area  in  which  the  potential  of  B  is  distributed. 

Electrical  variations  will  be  manifested  when  any  two  points  a  and  h  are  led  oft’ ; 
no  electrical  variations  will  occur  when  any  two  points  a  and  a,  or  h  and  6,  on  the  same 
equipotential  lifie,  are  led  off ;  small  electrical  variations  will  be  obtained  when  two 
points  a  and  a,  or  h  and  6,  on  difterent  equipotential  lines,  are  led  off. 

This  is  precisely  what  has  been  demonstrated  in  the  experiments  given  above. 

Points  a,  a,  a  .  .  .  are  represented  by  the  left  arm,  the  left  leg,  the  right  leg,  the 
front  of  the  body,  and  by  the  rectum,  &c.  Points  h,  h,  h  .  .  .  are  represented  by  the 
mouth,  the  eye,  the  right  arm,  and  the  back  of  the  chest.  And,  if  the  reader  will 
refer  to  the  results  given  above,  he  will  notice  that  variations  have  been  observed 
when  two  dissimilar  points  {a  and  b)  have  been  connected  with  the  electrometer, 
while  variations  have  been  absent  or  faint  when  two  similar  points  (a  and  a,  or  b  and  b) 
have  been  explored.  The  difference  of  result,  when  the  mouth  and  the  right  hand 
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or  the  mouth  and  the  left  hand  are  joined  to  the  electrometer,  is  now  of  obvious 
significance.  Mouth  and  right  hand  are  similar  points  h,  h,  mouth  and  left  hand  are 
dissimilar  points  h,  a.  The  same  remark  applies  to  the  contrasting  results  of 
exploration  of  one  or  other  hand  with  either  leg.  The  right  hand  and  either  leg  are 
points  h,  a ;  the  left  hand  and  either  leg  are  points  a,  a. 


A  and  B  are  two  points  of  apex  and  base  respectively. 

A  straight  line  between  A  and  B  represents  the  axis  of  current  between  A  and  B  if  any  inequality  of 
potential  should  arise  between  the  two  points. 

The  dotted  lines  c,  c,  c  .  .  .  represent  lines  of  current  diffusion. 

A  straight  line  at  right  angles  to  the  current  axis  represents  the  line  of  zero  potential. 

The  broken  lines  a,  a,  a  .  .  .  represent  equipotential  lines  surrounding  the  point  A. 

The  continuous  lines  b,  b,  b  .  .  .  represent  equipotential  lines  surrounding  the  point  B. 


To  these  results  I  may  now  add  those  obtained  when  one  of  the  leading-oH 
electrodes  is  in  the  rectum. 

Favourable  combinations  are  : — 


Rectum  and  mouth. 
Rectum  and  right  hand. 
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Unfavourable  combinations  ai'e  ; — 

Rectum  and  left  hand. 

Rectum  and  right  foot. 

Rectum  and  left  foot. 

Thus  we  see  that  whereas  in  combination  with  a  lead-ofF  from  the  mouth  the  only 
unfavourable  extremity  is  the  right  arm,  this  is  the  only  favourable  one  in  combination 
with  a  lead-off  from  the  rectum  ;  likewise,  any  one  of  the  three  other  extremities 
constitutes  a  favourable  combination  with  a  lead-off  from  the  mouth,  and  an  unfavour¬ 
able  combination  with  a  lead-off  from  the  rectum.  The  reason  is  obvious  :  the  mouth 
is  a  point  h,  the  rectum  is  a  point  a;  the  mouth  and  rectum  series  of  combinations 
with  other  points  a  or  h  are  consequently  the  counterparts  of  each  other. 

The  logical  completeness  of  these  experimental  facts  is  further  borne  out  by  : — 

1.  Observations  on  Quadrupeds. 

2.  Observations  upon  two  cases  of  situs  viscerum  inversus. 

1.  Ohservations  on  Quadrupeds. — The  asymmetry  in  the  distribution  of  potential 
in  the  Human  body  originating  from  the  heart  is  not  found  in  Quadrupeds  so  far  as 
I  have  examined  them.  On  Cats,  for  instance  {post  mortem,  but  of  course  only 
during  the  continuance  of  cardiac  contractions),  the  following  combinations  were  found 
to  be  favourable  ; — 

Mouth  and  either  posterior  extremity  ; 

Eye  and  either  posterior  extremity  ; 

Rectum  and  either  anterior  extremity  ; 

Rectum  and  eye  or  mouth ; 

Either  anterior  extremity  and  either  posterior  extremity ; 

whereas  the  following  were  found  to  be  unfavourable  combinations  : — 

Mouth  or  eye  and  either  anterior  extremity  ; 

Rectum  and  either  posterior  extremity ; 

The  two  anterior  extremities  ; 

The  two  posterior  extremities. 

These  results  show  that  the  distribution  of  potential  from  the  heart  occupying  an 
approximately  median  position  behind  the  sternum  is  in  accordance  with  fig.  7. 

2.  Having  ascertained  the  mode  of  distribution  of  potential  on  the  normal  Human 
body  with  the  heart  tilted  to  the  left,  I  at  once  sought  for  a  case  of  situs  viscerum 
inversus  with  the  heart  tilted  to  the  right.  By  the  kindness  of  Dr.  Cheadle  and  of 
Dr.  Lewis  I  obtained  the  opportunity  of  examining  two  such  cases  (one  male  and  one 
female),  and  found  the  differences  from  the  normal  exactly  as  expected,  viz.,  the 
favourable  combinations : — 

Mouth  and  right  hand  ; 

Left  hand  and  left  foot ; 

Left  hand  and  right  foot ; 
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and  the  unfavourable  combinations  : — 

Mouth  and  left  hand  ; 

Right  hand  and  right  foot ; 

Right  hand  and  left  foot. 

The  above  results  are  diametrically  opposed  to  those  obtained  on  the  normal  sub¬ 
ject.  Those  obtained  with  the  combinations  indicated  below  were  identical'"'  in  the 
two  cases,  favourable  combinations  in  both  being  ; — 

Mouth  and  right  foot ; 

Mouth  and  left  foot ; 

Left  hand  and  right  hand  ;* 

while  in  both  we  find  the  unfavourable  combination  : — 

Left  foot  and  right  foot. 

Detailed  comment  is  needless ;  the  complete  harmony  of  the  facts  stated  will  be 
clearly  recognised  in  the  tabular  summary  on  p.  191  ^vith  the  assistance  of  the  appro¬ 
priate  diagrams  (figs.  6,  7,  8). 

In  each  instance  of  the  entire  series  a  favourable  combination  is  formed  when  the 
electrometer  is  connected  loith  two  heteronymous  points  a  and  b,  while  am  unfavourable 
combination  is  formed  when  the  connection  is  made  with  two  homonymous  points 
a,  a  or  b,  b. 

The  above  observations  supply  abundant  proof  that  in  the  contraction  of  the  heart 
there  is  a  time  during  which  the  apex  and  the  base  are  not  iso-electric. 

From  our  knowledge  of  the  diphasic  variation  of  the  hearts  of  Animals,  we  are 
further  assured  that  on  Man  the  inequality  shall  be  of  a  double  character ;  the  part 
which  first  becomes  negative  is  also  the  part  which  first  ceases  to  be  negative,  the 
part  which  last  becomes  negative  is  also  the  part  which  last  ceases  to  be  negative,  so 
that  a  diphasic  change  will  occur  in  consequence  of — 

1.  Unbalanced  negativity  where  action  commences. 

2.  Unbalanced  negativity  where  action  lasts  longest. 

What  are  the  character  and  direction  of  the  electrical  changes  observed  on  Man 
with  the  beat  of  the  heart  ? 

In  answer  to  this  question,  I  shall  select  the  most  favourable  cases  for  examination, 
i.e.,  those  in  which  the  variation  has  presented  itself  in  a  well-marked  and  readable 
form.  I  have  followed  two  channels  of  information,  each  presenting  special  advantages 
and  disadvantages.  Simple  inspection  of  the  capillary  under  a  ^  objective  is  the 
ready  and  convenient  means  of  investigating  a  series  of  combinations.  Photography 
of  the  oscillating  column  of  mercury  with  simultaneous  photography  of  cardiac  move- 

*  The  direction  of  the  variation  with  the  two  hands  is  opposite  in  the  two  cases,  as  wall  presently  be 
noticed. 
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ments  is  the  difficult  but  indispensable  means  for  the  close  investigation  and 
determination  of  special  features  in  the  rapid  oscillations  of  the  mercurial  column. 

By  simple  inspection  I  ascertained  that  each  heat  of  the  heart  is  accompanied  by 
a  double  movement  of  the  mercury,  but  I  was  unable  to  completely  determine  the 
character  of  this  double  movement.  The  whole  movement  consists  of  a  comparatively 
large,  prolonged  portion,  preceded  by  a  small  and  extremely  brief  portion.  There  is 
no  difficulty  in  determining  the  direction  of  movement  as  regards  the  second  or  major 
phase  :  the  difficulty  affects  only  the  first  or  minor  phase,  which  is  so  small  and  rapid 
as  to  appear  with  some  instruments  as  a  preliminary  tremor,  with  others  less  sensitive 
I  have  failed  to  see  it  ;  but  even  with  the  most  sensitive  instruments  which  I  have 
used  I  have  failed  to  assure  myself  of  its  direction.  I  may,  however,  state  at  once 
that,  as  regards  the  second  or  major  phase,  I  have  always  found  its  direction  such  as  to 
indicate  that  any  point  b  became  negative  to  any  point  a.  Simultaneous  photographs 
of  the  double  movement  and  of  the  heart’s  impulse  show  that  the  electrical  precedes 
the  mechanical  event  at  whatever  distance  from  the  heart  we  choose  to  explore  any 
two  points  a  and  b  ;  they  show,  further,  that  in  direction  the  first  minor  phase 
is  opposed  to  the  second  major  phase,  being  such  as  to  indicate  that  any  point  a 
becomes  negative  to  any  point  b. 

By  what  has  preceded,  it  has  been  defined  that  points  designated  a,  o,  a  are  in  the 
region  of  apex  potential  and  that  points  designated  b,  b,  b  are  in  the  region  of  base 
potential. 

The  diphasic  variation  is,  therefore,  composed  of  a  first  phase  indicative  of  7iega- 
tivity  of  apex,  followed  by  a  second  phase  indicative  of  negativity  of  base ;  this  signifies 
that  the  excitatory  process  commences  at  the  apex  and  lasts  longest  at  the  base,  or, 
expressed  in  terms  of  mechanical  action,  that  the  contraction  by  which  the  ventricle 
discharges  its  contents  commences  at  the  apex  and  closes  at  the  base. 


Photo.  4. 


Heart  of  Man.  Led  off  to  Hg  from  mouth,  to  HjSO^  from  left  foot, 
the  variation  is  wS.  c,  c  =  cardiogram  ;  e,  e  =  electrometer  line. 

Note. — The  rate  of  propagation  of  the  excitatory  state  in  the  Human  heart  may  be 
deduced  from  the  time  of  culmination  of  the  1st  phase,  but  it  is  obvious  that  an 
estimate  thus  derived  can  under  the  circumstances  be  no  more  than  an  approximation. 
The  interval  between  the  initial  point  and  the  maximum  of  the  fii’st  phase  is  about 
■^  second;  taking  the  length  of  the  ventricles  at  10  cm.,  this  gives  for  the  rate 
at  which  the  excitatory  state  travels  a  value  of  5  metres  per  second,  on  the  suppo- 
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sition  that  it  passes  in  a  straight  line  from  end  to  end  of  the  organ.  I  do  not, 
however,  attach  much  importance  to  this  estimate,  having  regard  to  the  nature  of  the 
data  and  suppositions  involved.  The  initial  point  of  the  second  phase,  which  is  pre¬ 
sumably  the  indication  of  declining  negativity  of  the  apex,  occurs  about  second 
after  the  initial  point  of  the  first  phase.  The  interval  between  the  initial  point 
and  the  maximum  of  the  second  phase  is  about  second. 

I  regard  these  time  relations  as  an  indication  that  the  contraction,  while  beginning 
at  the  apex,  lasts  longest  at  the  base. 

It  has  been  suggested  to  me,  as  possible,  that  the  contraction  of  the  entire  heart, 
commencing  at  the  venous  orifices  of  the  auricles,  is  propagated  thence  by  the  auriculo- 
ventricular  curtains  and  musculi  papillares  to  the  apical  vortex,  and  thence  upwards 
to  the  base  of  the  ventricles.  This  is  a  speculation  for  or  against  which  I  can  at 
present  see  no  positive  evidence. 


Photo.  5. 


- 1 - 1 - 1 - 1 - 1 — - 1 - 1 - 1 - 1  Time  in  sec. 

Enlargement  (  x  6)  of  a  single  systole  of  photo.  4,  to  show  : — 

I.  First  phase  n  (apex  negative).  II.  Second  phase  S  (base  negative), 
r,  c  cardiogram  ;  e,  e  =  electrometer  line. 
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Normal. 

(Cons.  fig.  6.) 

Reversed. 
(Cons.  fig.  8.) 

1 

Mouth  to  H2SO4 

Left  hand  to  Hg 

(ON 

_ 

2 

? ) 

Right  hand 

to  Hg 

— 

(0  N 

3 

>>  ?? 

Left  foot 

,, 

(ON 

(ON 

4 

11 

Right  foot 

1 1 

(ON 

(ON 

5 

Left  hand  ,, 

Right  hand 

11 

in)  S 

(0  N 

6 

11  11 

Left  foot 

11 

(0  N 

7 

If  11 

Right  foot 

11 

— 

(0  N 

8 

Right  hand  ,, 

Left  foot 

(0  N 

— 

9 

1 1  1^ 

Right  foot 

(0  N 

— 

10 

Left  foot  ,, 

11 

11 

0 

0 

Fio;s.  6,  7,  8. 


The  capital  letter  N,  or  S,  gives  the  direction  of  the  second  phase  ;  that  of  the  first  phase,  which  by 
inspection  could  not  be  determined  in  each  case,  is  represented  by  the  small  letters  n,  s,  in  parentheses. 

The  direction  of  the  second  phase  is  in  every  case  such  as  to  indicate  B  negative  to  A. 

On  reversal  of  the  connections,  as  given  above,  the  electrometer  movement  was  in  every  case  opposite 
to  that  indicated  in  the  Table. 

In  one  instance  only  (No.  5)  the  directions  in  the  normal  and  reversed  subjects  are  opposite;  a 
reference  to  the  figures  6  and  8  shows  that  it  is  the  only  instance  in  which  two  points,  a  and  i,  are 
simply  transposed. 
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Postscript. 

(Added  February  7,  1889.) 

The  observations  recorded  in  Part  I.,  §  3,  can  be  carried  out  on  Animals  at  liberty.  I 
have  done  so  on  Dogs  and  on  a  Horse,  with  the  result  that  any  two  anterior  or  posterior 
extremities  constitute  an  “unfavourable  lead-off,”  and  that  any  one  anterior  in  con¬ 
junction  with  any  one  posterior  extremity  forms  a  “favourable”  combination.  For 
purposes  of  demonstration  I  give  the  observations  the  following  form  : — A  large  Dog, 
trained  to  stand  still  with  his  feet  in  vessels  of  salt  solution,  is  made  to  do  so  with  a 
favourable  and  an  unfavourable  pair  of  extremities  in  connection  with  the  electrometer, 
a  commutator  being  interposed  so  that  either  pair  can  be  switched  on  to  the  electro¬ 
meter  without  delay  or  disturbance.  The  mercury  pulsates  distinctly  or  not  at  all 
according  as  connection  is  made  with  a  favourable  or  with  an  unfavourable  combination. 

To  the  observations  recorded  in  Part  IT.  I  have  added  the  following  : — If  two 
persons  are  connected  with  the  electrometer  as  shown  in  fig.  9,  their  contracting 
hearts  form  battery  when  they  are  synchronous,  and  the  normal  variations  are  seen 
reinforced  in  degree ;  when,  on  the  other  hand,  the  two  hearts  are  alternating  in 
action  there  is  interference  of  their  electrical  variations  ;  during  this  interference  the 
movement  of  the  mercury  may  be  quite  illegible,  or  the  rhythm  of  each  heart  may 
be  separately  legible  by  following  their  separate  pulses,  the  event  depending  upon 
the  rates  at  which  the  two  hearts  are  beating. 


Fig.  9. 
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[Plates  5-8.] 

During  the  last  twenty  years  many  single  examples  of  vegetable  forms  from  Carboni¬ 
ferous  rocks  have  come  into  my  possession,  which  were  obviously  different  from 
any  hitherto  described.  But  I  have  carefully  abstained  fi’om  publishing  such 
specimens  until  examples  of  each  multiplied  in  my  cabinet,  enabling  me  to  determine 
how  far  their  apparently  distinctive  features  were  constant,  and  not  merely  individual, 
variations.  Many  such  imperfectly  kno'^vn  forms  still  occupy  a  drawer  in  my  cabinet  ; 
but  in  the  present  Memoir  I  propose  to  describe  several  of  which  examples  have 
accumulated  so  far  as  to  enable  me  to  speak  with  reasonable  certainty  as  to  their 
specific  distinctiveness. 

In  several  of  mj?  previous  memoirs  I  have  from  time  to  time  called  attention  to  a 
curious  development  of  a  medulla  in  the  centre  of  the  axial  vascular  bundle,  especially 
of  the  Lepidodendra.  This  was  especially  done  in  the  Memoir,  Part  III.,  when 
describing  the  Burntisland  Lcpidodendron,  to  which,  as  was  also  the  case  with  the 
Arran  form  (Part  X.),  I  have  not  yet  ventured  to  give  a  specific  name. 

In  the  case  of  the  Burntisland  plant  I  showed,  in  figs.  3,  4,  5,  8,  and  11,  a  medulla, 
a,  which,  at  first  of  very  minute  dimensions,  gradually  enlarged,  pari  g)assu  with  the 
increase  not  only  in  the  diameter  of,  but  also  in  the  number  of  the  vessels  composing 
the  non-exogenous  vascular  cylinder — the  “  etui  medullaire  ”  of  Brongniart.  In  this 
example  traces  of  primordial  medullary  cells,  however  minute  and  few  in  number, 
could  be  detected  in  the  youngest  twigs. 

The  Arran  plant  (Memoir,  Part  X.)  presented  different  features.  The  very  young 
leafy  twigs,  found  in  great  numbers  in  the  Laggan  Bay  deposit,  had  an  axial  vascular 
bundle,  which  consisted  wholly  of  tracheids,  in  the  interior  of  which  no  traces  of 
cellular  parenchyma  could  be  found  [loc.  cit.,  figs.  1  and  2),  whilst  at  a  more  advanced 
stage  of  growth  such  a  medulla  began  to  make  its  appearance  {loc.  cit.,  fig.  3), 
which  ultimately  attained  to  a  considerable  size  {loc.  cit.,  figs.  6,  d,  and  6a,  d). 
Though  unsuccessful  in  my  search  for  an  example  in  which  the  earliest  traces  of  such 
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medullary  cells  coiild  be  discovered,  I  bad  little  hesitation  in  concluding  that  the  small 
twigs  devoid  of  medulla  and  the  Jarger  ones,  in  which  such  a  medulla  was  very  con¬ 
spicuous,  belonged  to  the  same  plant.  This  question  of  the  development  of  a  medulla 
in  a  manner  so  different  from  what  is  seen  amongst  living  Exogens  has  hmg  required 
to  have  more  light  thrown  upon  it ;  and  I  propose,  in  the  present  Memoir,  to  record 
some  additional  observations  that  I  have  made  on  the  subject.  But  before  doing  so  I 
would  call  attention  to  the  existence  of  two  distinct  modes  of  ramification  amongst 
these  Carboniferous  Lycopodiaceous  plants.  In  one  group,  illustrated  in  Memoir 
Part  III.,  Plate  43,  figs.  19  and  20,  and  also  in  the  stems  of  the  Arran  Lepiclodendron, 
the  vascular  cylinder  (etui  medullaire)  presents  a  dichotomous  ramification,  in  which 
the  cylinder  divides  into  two  virtually  equal  horseshoe-like  halves.  But  in  other 
instances  only  a  small  vascular  segnient  separates  from  the  cylinder.  In  my  Memoir, 
Part  II.,  p.  224,  I  showed  that  in  Halonia  segments  only  of  the  medullary  vascular 
ling  were  detached  to  supply  vascular  bundles  to  the  tubercles  so  characteristic  of 
the  genus,  and  which  I  showed  {loc.  cit.,  pp.  224-5)  were  merely  branches  that  had 
undergone  an  arrested  development  at  an  early  stage  of  them  growth.  In  the 
Memoir,  Part  XII.,  Plate  32,  figs.  22,  23,  24,  and  25,  I  showed  that  a  similar  mode  of 
ramification  existed  in  a  Halonial  {i.e.,  fruiting)  branch  of  the  Arran  Lepidodendron. 

In  the  classic  species  of  Lepidodendron,  L.  Harcourtii,  I  have  not  as  yet  succeeded 
in  discovering  any  example  of  the  first  of  the  above  modes  of  dichotomisation.  But 
my  young  friend,  Mr.  Lomax,  of  Badcliffe,  brought  me  a  fine  branch  of  this  plant  in 
which  the  second  tyjDe  was  conspicuous.  This  specimen  gave  us  eleven  transverse 
sections,  which  successively  showed  the  progress  of  a  bundle  from  its  first  separation 
from  the  medullary  vascular  cylinder  to  its  existence  as  the  vascular  axis  of  a 
branch — Plate  5,  fig.  I,  represents  a  portion  of  the  medullary  vascular  cylinder,  as 
seen  in  the  lowermost  of  tlie  eleven  sections.  At  a  we  have  part  of  the  large  paren¬ 
chymatous  medulla.  At  h)  h  we  see  parts  of  the  continuous  ring  of  the  medullary 
vascular  cylinder.  At  h'  we  discover  a  segment  of  that  cylinder  becoming  detached 
from  the  remainder  at  the  points  6",  h”.  In  fig.  2  we  have  the  portions  a  and  h,  h  of 
fig.  1,  hut  the  segment  h'  is  now  completely  separated,  as  represented  in  fig.  3.  The 
vascular  portion  is  hut  little  altered  at  h',  h',  whilst  a  small  portion  of  the  medullary 
parenchyma,  a,  of  fig.  1,  coheres  to  the  detached  vessels  at  fig.  3,  a.  In  fig.  5  we 
find  the  segment  changing  its  form.  Its  two  points  b',  b'  are  curving  inwards  towards 
one  another,  l;)ut  traces  of  the  medullary  cells  are  still  seen  at  a.  In  fig.  4  the  con¬ 
vergence  of  the  two  points  b',  b'  has  advanced  so  far  that  they  now  virtually  touch 
one  another,  wdiilst  scarcely  any  traces  remain  of  the  medullary  cells  at  a.  They 
seem  to  have  undergone  absorption.  In  fig.  6,  which  now  represents  the  transverse 
section  of  the  vascular  bundle  as  seen  in  a  separating  branch,  the  coalescence  of  the 
points  b',  b'  of  the  previous  figures  is  complete.  The  bundle  has  now  attained  the 
form  of  a  symmetrical  cylinder,  wholly  composed,  apparently,  of  scalariform  vessels. 
Having  thus  become  t-hc  ascuiar  bundle  of  an  ordinary  branch  of  a  stem  of  which 
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a  large  cellular  medulla  is  a  conspicuous  feature,  such  a  medulla  would,  tliere  can  be 
little  doubt,  be  developed  in  its  interior,  tbougli  no  traces  of  cells  can  yet  be  detected 
in  its  central  portion,  where  such  an  axial  parenchyma  should  ultimately  make  its 
appearance. 

Plate  6  and  Plate  5,  fig.  ]  5,  represent  various  stages  of  growth  of  a  small  species 
of  Leindodendron,  from  Halifax,  of  which  I  have  now  several  examples,  and  to  which 
I  propose  to  give  the  name  of  Lepidodendron  mmuhim.  Its  cliaracteristic  feature 
resides  in  its  medullary  vascular  cylinder,  h,  which  mainly  consists,  in  young  stems, 
of  one,  rather  irregular,  line  of  comparatively  large  and  conspicuous  scalariform  vessels 
or  tracheids,  but  which  sometimes  develops  a  second  such  series  on  the  larger  stems  or 
branches.  In  both  these  cases  this  circle  of  conspicuous  vessels  is  surrounded  closely 
by  a  fringe  composed  of  numerous,  very  much  smaller,  ones,  from  which  the  foliar 
bundles  are  solely  derived. 

Fig.  7  represents  a  transverse  section  of  the  youngest  example  of  L.  mundum  I  have 
yet  obtained.  In  it  the  outer  cortex,  c,  consists  of  a  parenchyma,  the  diameters  of  the 
cells  of  which  become  smaller  from  within  outwards,  assuming,  as  they  do  so,  the  form 
of  a  coarse  prosenchyma  with  somewhat  thickened  walls.  The  middle  bark  has  disap¬ 
peared  from  this,  as  also  from  all  my  other  examples  of  this  planr.  At  the  centre,  6, 
we  have  the  vascular  bundle,  which  is  represented,  still  further  enlarged,  in  fig.  8.  It 
appears  to  consist  wholly  of  a  central  mass  of  large  tracheids,  h,  surrounded  by  a 
fringe  of  smaller  ones,  h'.  I  can  detect  no  traces  of  cells  amongst  these  tracheids. 

In  fig.  9  this  solid  axial  cylinder  has  developed  into  a  medullary  vascular  ring,  6,  V, 
enclosing  a  few  parenchymatous  cells,  a,  forming  a  small  but  distinct  medulla.  In 
fig.  10,  whilst  the  general  conditions  are  smiilar  to  those  of  fig.  9,  not  only  the 
tracheids  of  the  vascular  cylinder,  h,  h',  have  become  more  numerous,  but  the  medul¬ 
lary  cells,  a,  have  done  the  same.  In  this  instance  the  cells,  a,  are  crowded,  thin- 
walled,  and  of  irregular  form,  as  if  they  had  recently  passed  through  a  meristemic 
stage  of  mulriplication.  In  fig.  11  this  general  enlargement  and  multiplication  has 
not  only  gone  still  further,  but  the  individual  medullary  cells  have  now  assumed  the 
hexagonal  form  of  a  v-ery  regirlar  parenchyma.  Fig.  12  represents  a  specimen  in 
which  these  progressive  developments  of  the  medulla,  a,  and  of  the  medullary  vascular 
cylmder,  h,  b',  have  attained  to  the  maximum  extension  seen  in  any  of  the  specimens 
in  my  cabinet.  We  also  see  in  this  specimen  the  well-preserved  innermost  cortex,  c, 
which  consists  of  a  parenchyma  the  cells  of  which  are  uniformly  of  small  size  and 
shape,  their  mean  diameters  being  about  one-thousandth  of  an  inch. 

Fig.  13  represents  a  vertical  section  through  the  vasculo-medullary  axis  of  a  speci¬ 
men  of  the  same  plant,  the  entire  diameter  of  which,  including  its  cortex,  is  about 
four-tenths  of  an  inch.  Here  we  have  the  medulla  at  a  composed  of  cells  with  square 
or  very  slightly  inclined  transverse  septa.  The  barred  vessels"''  of  the  medullary 

*  The  transverse  bars  of  these  vessels  are  connected  vertically,  as  shown  on  Plate  5,  figs.  14a  and 
11b.  by  delicate  threads  like  those  seen  in  the  Arran  plant  (see  Memoir  X.,  fig.  4*). 
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vascula,r  zone  appear  at  h,  whilst  the  inner  cortex,  c,  of  fig.  12  is  now  seen  to  consist  of 
vertically  elongated  cells,  amongst  which  those  with  rectangular  and  oblique  septa 
are  intermingled,  whilst  the  thin-walled  innermost  ones,  c ,  present  an  obvious 
procam  bial  aspect. 

In  fig.  14  we  find  the  medullary  vascular  cylinder  dividing  in  the  regularly 
dichotomous  manner  seen  among  the  larger  forms  of  Lepidodendra.  In  fig.  15,  on 
Plate  5,  we  have  a  section  of  my  only  example  of  this  species  in  which  the  medullary 
vascular  cylinder,  a,  b,  is  invested  by  a  secondary,  exogenously-developed  zone,  d. 

The  plant  just  described  again  illustrates  the  gradual  development  of  a  medulla 
within  the  interior  of  a  vascular  bundle  where,  in  the  youngest  state  of  the  bundle, 
no  traces  of  cellular  structure  could  be  discovered,  but  the  germs  of  which  must 
necessarily  have  been  furnished  by  the  procambium  from  which,  in  the  youngest 
twigs,  the  entire  bundle  originated.  The  probable  philosophy  of  these  facts  may  be 
considered  after  describing  some  additional  undescribed  types. 

Figs.  16,  17,  and  18  represent  sections  of  a  Lepidodtndron  from  Halifax,  for  which 
I  propose  the  name  of  L.  intermedium.,  and  which  is  remarkably  distinct  from  any 
other  form  with  which  I  am  acquainted.  Its  vasculo-medullary  axis,  a,  h,  differs 
from  all  other  known  Lepidodendra,  with  one  exception.  The  true  medulla,  a, 
consists  of  well-defined  parenchymatous  cells.  The  medullary  vascular  cylinder,  h,  is 
composed  of  numerous  large  barred  tracbeids.  The  external  boundary  of  this  cylinder 
is  sharply  and  regularly  defined,  but  its  inner  border  is  very  irregular,  some  of  its 
largest  vessels  being  detached  from  it  and  isolated  amongst  even  the  most  central 
cells  of  the  medulla.*  In  addition  to  this  characteristic  feature,  we  have  an  exogenous 
zone,  d,  which  is  equally  characteristic.  The  entire  thickness  of  this  zone,  from  its 
medullary  to  its  cortical  boundary,  is  only  about  the  one-hundredth  of  an  inch  ;  yet 
many  of  its  radial  lines  of  tracheids  consist  of  twenty-four  distinct  vessels.  Measured 
separately,  we  find  these  tracheids  ranging  between  the  thirteen-hundredth  and 
the  twenty-six-hundredth  of  an  inch  in  diameter.  On  examining  these  vessels 
under  high  powers,  as  they  appear  in  tangential  sections  (fig.  17),  we  find  them, 
d',  ascending  and  descending  in  extremely  tortuous  courses.  They  are  here  largely 
intermingled  with  cells,  d",  d",  the  diameters  of  which  are  equal  to  those  of  the 
vessels.  These  cells  unmistakably  correspond  to  those  which  constitute  the  medullary 
rays  of  the  larger  forms  of  Lepidodendra.  (See  ‘Phil.  Trans.,’  1872;  Memoir, 
Part  III.,  Tab.  42,  fig.  13,/!)  Fig.  18  is  a  vertical  section  made  through  the  centre  of 
the  stem.  At  a  we  have  the  large  vessels  of  the  medullary  vascular  cylinder,  inter¬ 
mingled  irregularly  at  certain  points  with  the  medullary  cells,  as  shown  in  fig.  16. 
At  d  we  have  the  exogenous  layer  on  one  side  of  the  central  medulla  and  its  vascular 
cylinder.  In  this  zone  we  find  the  vessels  of  minute  sizes,  and  again  copiously  inter¬ 
mingled  with  cells,  many  of  which  are  arranged  in  radial  mural  lines  like  medullary 

*  In  this  respect  the  plant  resembles  Lepidodendron  selaginoides ;  but  it  differs  in  the  entire  absence 
from  its  medulla  of  the  barred  medullary  cells  so  characteristic  of  the  latter  type. 
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rays.  At  e  we  liave  the  itinermost  zone  of  the  cortex,  as  at  fig.  115,  e.  The  external 
cortex  consists  of  a  coarser  parenchyma. 

The  next  example  to  be  described  has  a  marked  individuality.  I  propose  giving  to 
it  the  name  of  Lepidodendwn  Spenceri,  after  my  friend  Mr.  J.  Spencer,  of  Halifax, 
who  has  so  long  been  one  of  the  most  active  of  my  several  auxiliary  collectors,  to 
whom  I  have  been  so  much  indebted. 

Fig.  19  is  a  transverse  section  of  a  stem  or  branch  of  this  plant.  The  central 
structure,  a,  exhibits  in  this  section  no  indication  of  medullaiy  cells,  but  appears  to 
be  a  solid  rod  of  scalariform  tracheids.  It  is  surrounded  at  e  by  a  narrow  zone  of  the 
inner  cortical  parenchyma,  the  greater  part  of  which  has  disappeared.  At  f  is  the 
middle  cortex,  characterised  by  an  undulating  outline,  the  outward  prominences  of 
which  are  frequently  prolonged  into  points,  y'.  Fig.  20  represents  one  of  these  points 
further  enlarged.  In  it,  at  e,  we  again  have  the  zone  of  the  inner  cortex  ;  at _/  is  the 
middle  cortex,  and  at/'  we  find  the  barred  vessels  of  a  foliar  bundle  passing  outwards. 
The  cells  of  which  the  middle  cortex,  /  is  composed  are  not  uniform  in  structure  ; 
dark,  dense  masses  of  thick-walled  cells  (fig.  19,/")  alternate  with  lighter  groups  with 
thinner  cell- walls, /"',  In  the  centre  of  most  of  the  darker  groups  of  several  of  my 
specimens  the  tissue  has  become  decayed,  as  at  fig.  19,/".  This  variation  in  the 
structure  of  the  middle  cortex  appears  to  be  a  very  characteristic  feature  of  the 
species.  None  of  my  sections  retain  any  traces  of  the  outermost  cortex  and  its  foliar 
organs, 

In  hg.  21  we  have  a  radial  section  of  the  above  cortical  zones;  at  a  are  two  or 
three  of  the  outermost  vessels  of  the  central  bundle,  giving  off  at  a'  a  foliar  bundle 
passing  upwards  and  outwards  through  the  middle  cortex.  This  cortex  chiefly 
consists  of  strongly-defined  prosenchymatous  cells.  In  fig.  22  we  have  a  vertical 
section  through  the  centre  of  the  vascular  axis,  a,  of  fig.  19.  We  see  some  prosen¬ 
chymatous  but  thin-walled  cells  belonging  to  the  inner  coi  tex  at  e,  through  which  a 
foliar  vascular  bundle  is  again  escaping  at  a. 

On  turning  to  the  section  through  the  vascular  axial  tissue  (fig.  22),  we  find  some 
interesting  features.  'Its  exterior,  a,  a,  consists  of  developed  and  strongly-defined 
barred  traclieids ;  but  the  centre  of  this  structure,  a",  consists  of  thin-walled, 
unbarred,  and  much-elongated  fusiform  cells,  whilst  we  have  some  very  thin-walled, 
barred  tracheids,  but  in  which  the  bars  are  so  thin  as  to  be  almost  invisible.  It  is 
obvious  that  we  have  here  a  procambial  string  which  is  undergoing  centripetal 
development  into  a  vascular  bundle,  the  more  external  tracheids,  a,  of  which  have 
undergone  perfect  lignification.  Those  indicated  in  fig.  22  by  a",  a"  are  but  partially 
lignified,  whilst  in  the  central  part,  a”,  we  have  procambial  elements  which  the 
process  of  lignification  has  not  yet  reached.  This  is  the  only  specimen  in  which  I  have 
personally  seen  a  Carboniferous  example  of  a  centripetally-developed  vascular  bundle. 
What  appears  to  have  been  a  somewhat  similar  one  is  referred  to  by  M.  Renault  as 
occurring  in  his  Lepidodendron  RliodumnenseT' 

'*  ‘  Coin’s  de  Botaniqne  Fossile,’  D'enxieme  anree,  p.  23. 
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The  next  species,  which  I  propose  to  designate  Lppidodendron  ‘parvuliim,  is  the 
smallest  of  the  Lepidodendroid  family  that  I  have  hitherto  met  with.  I  have  a 
considerable  number  of  examples  of  it  in  my  cabinet,  but  there  is  a  remarkable 
similarity  of  shape,  size,  and  structure  throughout  the  entire  series,  the  mean  diameter 
of  the  transverse  sections,  including  the  leaves,  being  ouly  about  one-tenth  of  an 
inch. 

Though  so  small,  every  example  in  my  cabinet  obviously  possessed  a  cellular 
medulla,  Plate  8,  fig.  28,  a.  This  was  surrounded  by  a  medullary  vascular  cylinder,  h, 
from  two  to  three  tracheids  in  thickness,  the  tracheids  being  fairly  uniform  in 
size,  though,  as  uoual,  the  outermost  are  rather  less  than  those  occupying  the 
inner  margin  of  the  ring,  which  they  combine  to  form.  The  inner  cortex  has 
disappeared.  The  middle  cortex  (fig. .  23,  c)  is  always  an  unbroken  circle  of 
parenchymatous  cells.  Still  more  uniform  in  size  and  shape  are  the  parenchymatous 
cells  of  the  outermost  cortex,  d,  as  well  as  of  the  leaves.  But  between  these  two  zones 
of  the  cortex,  c  and  d,  we  have  in  most  of  my  specimens  the  verticils  of  empty  areas 
(figs.  23,  e,  and  24,  e).  These  spaces  are  separated  by  the  radial  bands  of  cortical 
parenchyma  (fig.  24,  e).  The  empty  areolae,  e,  were  long  unintelligible  to  me,  but  at 
length  I  obtained  specimens  in  which,  as  in  fig.  25,  e,  I  found  them  to  be  normally 
occupied  by  a  thin-walled  parenchyma  very  distinct  from  that  of  which  the  remainder 
of  the  cortex,  including  the  leaves,  was  composed.  The  latter  is  represented  in 
fig.  26  ;  the  former  in  fig.  27.  What  the  functions  of  these  vertical  bands,  e,  of 
specialised  tissue  may  have  been  I  can  form  no  opinion.  I  have  seen  nothing  like 
them  in  any  other  Lepidodendroid  stem.  4die  vascular  bundle,  h,  of  fig.  25,  is  sub¬ 
dividing  in  the  usual  Lepidodendroid  manner  when  the  branch  is  about  to  dichotomise. 
I  have  an  ascending  series  of  five  sections,  from  the  lowest,  in  which  the  vascular  ring 
is  unbroken,  to  the  highest,  in  which  each  of  its  two  halves  has  not  only  almost 
reconstructed  its  perfect  cylinder,  but  is  enclosed  in  a  distinct  cortex  of  its  own,  just 
about  to  separate  into  two  distinct  branches  ;  each  of  these  branches  retains  the 
features  characteristic  of  the  species.  I  have  obtained  the  plant  both  from  Oldham 
and  from  Moorside,  in  Lancashire. 

A  few  remarks  on  the  general  relations  of  the  objects  described  in  the  previous 
pages  may  not  be  out  of  place. 

The  form  of  ramification  illustrated  in  figs.  1-6  is  not  wholly  ne^v.  In  my  Memoir, 
Part  II.  (‘Phil.  Trans.,’  1872,  p.  224),  I  demonstrated  that  the  tubercles  characteristic 
of  the  genus  Halonia  were  merely  branches  the  development  of  which  had  been 
arrested,  and  that,  as  in  the  case  of  the  plant  (figs.  1-6)  of  the  present  Memoir,  the 
vascular  bundle  supplying  such  branches  was  given  otf  from  the  medullary  vascular 
cylinder,  in  a  manner  intermediate  between  a  perfect  dichotomy  of  that  cylinder, 
representing  ordinary  I’amifications,  and  the  detachment  of  a  few  small  vessels  from 
its  periphery,  constituting  the  bundles  supplying  the  leaves.  In  Memoir,  Part 
XII.  (‘Phil.  Trans.,’  1883,  p.  459),  I  further  showed  that  the  Halonial  tubercular 
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branches  of  ray  Arran  Lejndodendi'on  were  supplied,  as  in  fig.  1,  by  large  segments 
cut  off  from  the  solid  vascular  bundle  which,  in  the  young  branches  of  that  plant, 
represents  the  medullary  vascular  cylinder  of  its  older  stem.  1  have  also  in  my 
cabinet  a  section  of  the  Burntisland  Lepidodendron  (cabinet  number  .502)  which  is 
giving  off  a  similar  branch.  Various  other  specimens,  of  a  like  character,  that  have 
come  under  my  notice,  suggest  the  conclusion  that  the  ordinary  ramification  of  these 
Lepidodendra  was  dichotomous,  as  in  fig.  25  of  the  present  Memoir ;  but  that,  where 
a  branch  was  of  a  special  kind,  characterised  by  an  arrested  development,  then  the 
mode  of  branching  illustrated  by  figs.  1-5  was  the  normal  one.  It  has  long  been 
certain  that  the  scars  of  t//ocA?mZron  represent  such  arrested  branches,  which  supported 
Lepidostrobi ;  and  it  is  iu  the  liighest  degree  probable  that  the  tubercles  of  Ilalonia 
are  similar  organs.  A  memoir  by  Mr.  Kidston*  clearly  demonstrated  that  Ulodevdron 
is  not  a  genus  of  plants,  but  merely  a  condition  of  various  Lepidodendroid  genera ; 
and  the  remark  is  equally  applicable  to  the  name  Ilalonia,  which,  as  is  shown  in 
Plate  34  of  my  Memoir,  Part  XII.  (‘Phil.  Trans.,’  Part.  II.,  1883),  represents  the 
extremities  of  an  ordinary  Lepidodendroid  branch.  A  fine  specimen  of  Ilalonia 
regularis  in  my  cabinet  shows  that  the  ordinary  branching  of  Halonial  forms  is  dicho¬ 
tomous,  as  in  fig.  14.  It  is  therefore  obvious  that  branches  like  figs.  1-5  represent 
some  special  ramification,  distinct  from  the  normal  dichotomous  one  ;  and  the  only 
possible  explanation  that  I  can  discover  is  that  such  arrested  or  subordinate  branches 
were  destined  to  support  strobili. 

It  cannot  now  be  doubted  that  the  strobili  of  Lepidodendron  were  affixed  to  their 
sustaining  branches  in  two  ways.  In  one  fine  Lepndostrohus  in  my  collection  the  base 
of  the  strobilus  terminates  the  extremity  of  a  long,  slender  pendulous  twig.  But  in 
another  very  fine  example,  in  the  Museum  of  the  Owens  College,  the  large  Lepido- 
strobus  is  planted  laterally  in  an  almost  sessile  manner  upon  a  strong  branch.  In 
this  instance  the  strobilus  is  evidently  sustained  by  a  short,  arrested  lateral  twig, 
corresponding  to  one  of  the  Halonial  tubercles.  The  sections,  figs.  1,  5,  further 
establish  another  morphological  fact,  viz.,  that  the  young  branches  of  a  Lepido¬ 
dendron  may  have  a  vascular  bundle  devoid  of  all  visible  traces  of  a  cellular  medulla, 
and  yet  such  a  medulla  may  be  developed  in  its  interior  at  a  later  stage  of  growth. 

In  some  of  .my  earlier  memoirs  I  advanced  the  hypothesis  that  age  produced 
other  morphological  changes,  beyond  mere  growths,  in  these  Lepidodendroid  plants.  To 
this  M.  Benault  replied,  speaking  of  L.  Ilarcoiirtii,  “  On  pent  done  conclure  Cjiie  la 
difference  de  diametre  des  rameaux  de  Lepidodendron  n’apporte  pas  de  changements 
dans  la  disposition  generate  des  tissus  qui  les  composent.”t 

My  sections  of  L.  Ilarcourtii  demonstrate  that  such  changes  do  occur ;  since,  as 
the  section,  fig.  1,  shows  at  a,  the  older  and  larger  branches  possess  a  very  large 
medulla,  which  exists  in  like  manner  in  all  the  older  Halonial  branches,  which  certainly 

*  “  On  the  Relationships  of  JJlodenrlron'’  ‘  Ann.  Mag.  Nat.  Hist.,’  vol.  16,  1885. 

t  ‘  Cours  de  Botanique  Fossile,’  Deuxieme  annee,  p.  28. 
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continued  to  grow  after  the  strobili  had  dropped  off.'"  The  illustration  given  above 
also  tends  to  confirm  statements  made  in  my  Memoir,  Part  X.  (‘Phil.  Trans.,’  1880, 
p.  493),  when  describing  the  Arran  Lepidodendron.  I  there  gave  my  reasons  for 
believing  that,  though  no  medulla  was  present  in  the  centre  of  the  vascular  axis  of 
any  of  the  young  twigs  and  branches  of  that  branch,  one  had  somehow  or  other  been 
developed  at  a  later  stage  of  growth  in  those  vascular  bundles.  Other  conditions  of 
these  Arran  specimens  being  considered,  it  now  becomes  an  almost  absolute  certainty 
that  such  had  been  the  case.  The  history  of  figs.  19,  20,  and  21  of  the  present  Memoir 
bears  upon  the  same  question,  but  little  more  can  be  said  in  reference  to  this  latter 
plant  until  we  obtain  specimens  of  it  in  a  more  advanced  state  of  growth.  Though  it 
and  the  Arran  plant  possess  several  features  in  common,  I  cannot  identify  them  with 
sufficient  definiteness  to  assign  the  same  name  to  both.  This,  however,  is  of  no 
consequence  for  the  present,  since  I  have  not  yet  given  any  name  to  the  Arran  plant. 
Kather  more  important  is  the  fact  that  M.  Renault  speaks  of  a  stem  having  a  solid 
vascular  axis,  like  that  of  Lepidodendron  Spenceri,  to  which  stem  he  has  given  the 
name  of  L.  Rhodumnense.  The  following  description  shows  that  it  has  some  features 
in  common  with  my  plant : — La  cavite  centrale,  due  soit  a  un  dechirement  du  tissu, 
soit  a  ce  que  le  procambium  n’a  pas  acheve  sa  lignification,  est  cylindrique,  dans  les 
echantillons  non  deformes,  toujours  de  dimension  extremement  reduite,  et  ne  presentant 
que  des  traces  douteuses  de  tissu  cellulaire.t  Details  in  the  structure  of  the  cortex 
of  L.  Rhodumnense  indicate  a  specific  difference  between  it  and  my  plant. 

The  Lepidodendron  intermedium,  figs.  16,  17,  and  18,  has  a  special  interest  when 
viewed  in  connection  with  the  plant  which  I  some  time  ago  named  Lepidodendron 
f idujinosum.\  In  my  Memoir,  Part  XI.,§in  Plate  49,  fig.  11, 1  represented  a  segment 
of  a  transverse  section  of  the  innermost,  cortex  of  this  plant,  in  which  a  very  rudimen¬ 
tary  exogenous  vascular  zone  is  seen  at  li,  and  in  p.  290  of  the  Memoir  I  called 
attention  to  the  liability  of  these  vascular  elements  to  be  diverted  irregularly,  and  in 
an  undulating  manner,  from  their  straight  vertical  course.  Fig.  17  of  the  present 
Memoir,  show^s  that  thoucdi  in  the  transverse  section  the  vascular  laminse  ai’e  arrano-ed 
in  regular  radiating  lines,  as  is  also  the  case  in  the  similar  section  of  L.  faliijinosnm 
referred  to  above,  vertical  tangential  sections  of  the  same  exogenous  zone  of  L.  inter- 

*  Mj  meaning  is  not  made  sufficiently  clear  in  this  paragraph.  In  its  transition  from  being  a 
segment  of  a  circle,  as  in  fig.  3,  to  becoming  a  perfect  cylinder,  as  in  fig.  6,  the  vessels  composing  this 
bundle  must  have  undergone  precisely  such  changes  of  relative  positions  as  M.  Renault  deems  impossible. 
Rut  the  changes  have  not  ended  here.  Supposing  the  bundle  to  have  supplied  an  ordinary  latei-al  branch, 
it  must  have  become  a  hollow  cylinder  like  that  from  which  it  sprang.  If,  on  the  other  hand,  it  merely 
supplied  an  aborted  Halouial  tubercle  which  would  be  prolonged  to  form  the  axis  of  a  Lepidostroboid 
fruit,  it  must  have  expanded  in  the  axis  of  that  fruit  into  a  hollow  cylinder,  because  all  these  strobili 
possess  such  hollow  vascular  cylinders,  which  enclose  a  true  medulla. — September  3,  1889. 

t  ‘  Cours  de  Botunique  Fossile,’  Deuxieme  annee,  p.  23. 

J  ‘  Proceedings  of  the  Royal  Society,’  vol.  42,  p.  7. 

§  ‘Phil.  Trans.,’  1881. 
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medium  exhibit  the  same  laminae  arranged,  as  in  L.  Jidiginosum,  in  a  very  irregnlai', 
undulating  manner.  In  both  these  cases  this  irregularity  is  due  to  the  excessive 
development,  amongst  the  vascular  laminae,  of  a  cellular  parenchyma.  This  feature, 
common  to  the  two  plants,  is  suggestive  in  both  of  a  rudimentary  type  of  exogenous 
growth  ;  one,  however,  in  which  tlie  L.  intermedium  has  attained  to  a  more  advanced 
stage  than  L.  fidiginosum  has  done.  In  the  types  in  which  the  exogenous  zone  has 
reached  a  yet  higher  condition  the  number  of  the  disturbing  cells  has  been  very  much 
reduced,  such  only  remaining  as  could  be  utilised  as  muriform  medullary  rays.  How^ 
far  a  yet  lower  Lepidodendroid  state  has  existed,  in  which  no  form  of  exogenous 
growth  was  developed  at  any  period  of  life,  cannot  yet  be  determined.  Thus  far, 
however,  we  have  obtained  no  specimen  of  L.  Ilarcourtii  which  possesses  such  a  zone, 
though  I  have  a  stem  of  that  plant  which  is  3^  inches  in  diameter.  Nevertheless, 
that  still  larger  stems  may  yet  be  discovered,  showing  exogenous  growths  of  xylem, 
is  suggested  by  the  Arran  plant,  of  which  I  have  sections  fully  3  inches  in  diameter, 
in  which  no  such  growth  has  yet  made  its  appearance  ;  whilst  other  stems  of  very 
much  larger  dimensions  have  the  exogenous  cylinder  fully  an  inch  in  thickness 
between  medulla  and  cortex.  It  now  becomes  more  than  probable  that  at  one  stage 
or  another  of  their  development  all  the  Carboniferous  Lepidodendroid  stems  grew 
exogenously.  In  some  cases,  as  in  fig.  15  of  the  present  Memoir,  such  a  growth  took 
place  when  the  medullary  vascular  cylinder  of  a  branch  was  not  more  than  the  one- 
fortieth  of  an  inch  in  diameter,  whilst  in  others,  as  in  the  Arran  plant  represented  in 
Plate  14,  fig.  5,  of  my  Tenth  Memoir,  the  exogenous  growth,  though  present,  had 
made  very  small  progress  when  the  medullary  vascular  cylinder  was  fully  an  inch  and 
a  half  in  diameter. 

The  various  instances  in  which  I  have  now  been  able  to  trace  the  developmeni.  of  a 
true  medulla  in  the  Lepidodendra  throws,  I  think,  some  light  upon  the  physiological 
character  of  that  development,  as  well  as  upon  its  homologies  amongst  living  plants. 
All  botanists  are  aware,  though  many  geologists  may  not  be,  that  thennedulla  of  an 
ordinary  exogenous  stem  makes  its  appearance  in  a  very  different  manner  from  that 
seen  in  the  Lepidodendra.  The  tip  of  a  growing  twig  consists  of  a  mass  of  what  is 
termed  “primitive  tissue,”  viz.,  of  undifferentiated  parenchymatous  cells.  Almost, 
though  not  quite,  simultaneously,  a  ring  of  vascular  bundles  is  formed,  which  separates 
the  lower  portion  of  that  pi’imitive  tissue  into  an  inner  mass,  the  medulla,  or  pith,  and 
an  outer  ring  of  cortex.  The  medulla  thus  formed,  though  of  small  size,  is  merely  a 
downward  prolongation  of  the  mass  of  apical  cells,  the  two  being  absolutely  continuous. 
As  we  trace  this  medulla  downwards  into  the  lower  part  of  a  shoot  of  the  first  year 
we  find  that  the  medulla  increases  in  size  up  to  a  certain  point,  the  distance  of 
which  point  from  the  growing  tip  varies  in  different  species  of  plants.  As  we  thus 
descend  we  find  that  the  increase  in  size  is  due  to  an  increase  partly  in  the  number 
of  the  cells  and  partly  in  the  diameter  of  the  individual  cells.  Still  lower  dowm  the 
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diameter  of  the  'medulla  either  remains  constant  or  even  diminishes,  so  that  in  many 
old  stems  but  feeble  traces  of  it  can  be  discovered. ''' 

This  process  is  a  very  different  one  from  what  we  see  in  figs.  7—12  of  the  present 
Memoir.  In  fig.  7  the  growth  of  the  twig  in  length  and  diameter  has  not  only  made 
considerable  progress,  but  its  tissues  have  developed  into  a  definite  central  vascular 

*  In  illustration  of  this  point  I  select  a  few  examples  from  a  number  of  measurements  which  I  have 
made  from  transverse  sections  of  growing  stems,  the  measurements  being  recorded  in  decimal  parts  of 
an  inch. 


The  plant. 

Tran.sver.se  diameter  at 
apex  of  medulla. 

Mean 
diameter 
of  the 

Piameter  at  successive  points  lower  down  the  stem 
measured  from  apex  of  medulla. 

Of  branch. 

Of  medulla. 

medullary 

cells. 

Distance. 

Stem. 

Medulla. 

Medullary  cell.«. 

JEschylus  Hippocastaneum 

.085 

.04 

.0007 

6  inches 

.25 

.175 

.0014 

18  „ 

.45 

.175 

.002 

Tydcea . 

.1 

.04 

.0009 

I  inch 

.11 

.05 

.0019 

1_ 

125 

.1 75 

.0019 

2 1  inches 

.25. 

,2 

.005 

28 

i-U  5, 

.22 

.25 

.006 

Geranium . 

.06 

.05 

.0014 

1  inch 

.225 

.105 

.0035 

4  inches 

.275 

.225 

.0057- 

Old  stem 

.4 

2 

.0035 

Elder  . 

.050 

.03 

.0014 

4  inches 

.17- 

.12 

.0043 

14  „ 

.25 

.15 

.0043 

51  . 

2  feet 

.6 

.35 

.0057 

11  . 

3  5, 

.55 

.25 

.0057 

These  measurements  show  us  that,  approxiraatelj,  whilst 

In  ^sclujlus  the  medulla  enlarges  transvei’sely  from  .04  to  .75, 

,,  the  medullary  cells  eulai’ge  from  .0007  to  .002. 

In  Tijdcea  the  medulla  enlai’ges  transversely  from  .04  to  .25, 

,,  the  cells  enlarge  from  .0009  to  .006. 

In  Geranium  the  medulla  enlarges  transversely  from  .05  to  .2, 

,,  the  cells  enlarge  from  .0014  to  .0057. 

In  Elder  the  medulla  enlarges  transversely  from  .03  to  .25, 

„  the  cells  enlarge  from  .001  to  .0057. 

We  are  thus  led  to  the  approximate  conclusion  that — 

In  JEschylus  three-fourths  of  the  transverse  enlargement  of  the  medulla  is  due  to  the  expansion 
of  the  primitive  medullary  cells. 

In  Tydcea  all  the  transverse  enlargement  of  the  medulla  is  due  to  expansion  of  those  primitive 
cells. 

In  Geranium  all  the  transverse  enlargement  is  due  to  the  expansion  of  the  primitive  cells. 

In  Elder  three-fourths  of  the  transverse  enlargement  is  due  to  the  expansion  of  the  primitive 
cells,  and  not  to  an  increase  in  their  number. 
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bundle,  Invested  by  at  least  two  distinct  zones,  the  outermost  of  wliich  bore  leaves  before 
any  traces  of  a  medulla  could  be  discovered.  Thus  we  discover  at  the  outset  a 
difference  between  the  history  of  the  medulla  of  a  Lepidodendron  and  that  of  an  Elm 
or  an  Elder  tree.  Tracing  yet  further  the  development  of  the  Lepidodendroid  type 
we  find  that  in  it  the  medulla  first  appears  as  one  or  two  individual  cells  formed  in 
the  centre  of  a  bundle  of  tracheids  or  vessels  ;  once  existing,  however  produced,  these 
cells  multiply  rapidly  by  the  ordinary  meristemic  process  of  fission.  So  far  as  my 
specimens  throw  light  upon  the  latter  process,  it  exhibits  some  peculiarities.  The 
meristemic  internal  subdivision  of  these  cells  was  not  going  on  continuously,  but 
interruptedly ;  at  certain  periods  the  whole  of  the  fully-developed  cells  of  the  medulla 
simultaneously  underwent  such  a  division.  Fig.  2(3a  represents  a  cluster  of  cells  from 
the  medulla  of  a  branch  of  Lepidodendron  ILarcourtii  undergoing  this  meristemic 
multiplication.  Some  of  these  matured  cells  are  subdividing  into  four  or  five  of  the 
younger  generation.  At  this  stage  the  latter  are  all  thin-walled,  small  in  size,  and 
irregular  in  form  ;  but  all  these  conditions  gradually  become  changed.  The  walls 
become  more  strongly  defined  ;  the  area  of  each  cell  enlarges  from  two  to  two-and-a- 
half  times  its  original  size  ;  and  its  unsymmetrical  form  develops  into  that  of  the  regular 
pentagon  or  hexagon  seen  in  the  primary,  or  mother,  cells  of  fig.  26. 

But  the  eflPect  of  these  changes  is  not  limited  to  that  produced  upon  the  medulla. 
They  reach  the  vascular  bundle  within  which  the  increa.se  in  the  number  of  the  medullary 
cells  is  taking  place.  The  first  result  of  the  internal  tension  occasioned  by  these 
cellular  expansions  is  to  develop  the  solid  mass  of  vessels  into  an  annular  ring,  h,  of 
increasing  diameter.  Fig.  8  becomes  progressively  converted  into  what  is  seen  in 
figs.  9,  10,  1 1,  and  12.  But  this  vascular  ring,  h,  not  only  increases  in  diameter,  but 
the  vessels  composing  it  increase  in  number,  and  change  their  relative  individual 
positions  as  they  do  so.  At  later  periods  this  process  of  meristemic  division  and 
subsequent  expansion  of  all  the  new  cells  appears  to  have  been  repeated  from  time  to 
time,  until  the  medulla  and  its  surrounding  medullary  vascular  ring  attain  to  their 
ultimate  magnitudes — a  condition  which  was  probably  coincident  with  the  first 
appearance  of  the  more'external  exogenous  zone.  I  was  at  one  time  inclined  to  think 
that  some  of  the  young  medullary  cells  assumed  a  procambial  form,  and  were  converted 
into  new  vessels  ;  and  even  now  I  am  not  sure  that  this  is  not  so  in  some  instances. 
But  it  appears  to  me  now  that,  in  such  examples  as  figs.  7-14,  the  new  vessels  must  be 
produced  on  the  cortical  side  of  the  medullary  vascular  cylinder — i.e.,  centrifugally 
rather  than  centripetally.  However  this  may  be,  the  enlargement  of  this  cylinder  is 
evidently  effected  mainly,  if  not  wholly,  through  the  internal  tension  occasioned  by 
the  subsequent  multiplications  and  expansions  of  the  medullary  cells — a  condition 
that  has  no  existence  amongst  the  exogenously-grown  trees  now  living. 

But  a  partially  parallel  state  of  things  does  exist  amongst  some  living  plants. 
In  his  learned  work  on  the  ‘  Comparative  Anatomy  of  the  Vegetative  Organs  of  the 
Phanerogams  and  Ferns,’  the  late  Dr.  A.  de  Bary  observes:  “In  many  Ferns  the 
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original  axile  buildle  widens  out,  as  the  stem  grows  stronger,  into  a  tube,  which  is  for 
the  most  part  closed  all  round,  and  has  only  at  each  node,  below  the  insertion  of  the 
leaf,  a  relatively  small  slit,  or  foliar  gap,  through  which  the  medullary  parenchyma  is 
connected  with  the  cortex,  and  from  the  margin  of  which  one  or  several  bundles  pass 
into  the  leaf.”*  I  think  there  can  be  little  question  but  that  this  widening  out  of  an 
axile  bundle  which,  as  the  same  author  observes,  “  extends  itself,  and  forms  a  tube, 
which  surrounds  a  parenchymatous  cylinder  of  pith”  (de  Bary,  loc.  cit.,  p.  283), 
presents  substantially  an  analogous  condition  to  what  is  so  general  amongst  the 
Carboniferous  Lycopods.  At  the  same  time,  though  the  two  cases  are  identical  in 
their  general  features,  they  present  differences.  I  have  not  yet  found  any  Fern  in 
which  a  solid  central  bundle  develops  a  medulla  wdthin  its  own  component  vessels. 
The  medulla  is  existent  ah  initio,  surrounded  by  a  circle  of  such  vessels.  Thus,  in 
Aspidium  filix  mas  this  medulla  has  a  diameter  of  about  a  tenth  of  an  inch  close  to 
the  growing  apex  of  the  stem,  and  at  its  utmost  development  it  rarely  attains  to  more 
than  four  times  that  diameter ;  even  then  the  interspaces  between  the  bundles 
composing  the  entire  vascular  cylinder  are  very  large.  This  is  very  different  as  to 
details  from  some  examples  found  amongst  the  Lepidodendra,  where  a  medulla 
developed  from  some  invisible  cell-germ  has  expanded  to  more  than  an  inch  in 
diameter. 

Plate  8,  fig.  28,  represents  a  transverse  section  of  a  Rachiopteids,  of  which  I  have 
several  sections.  At  the  first  glance  its  central  vascular  bundle,  cut  through 
transversely,  has  a  Zygopteroid  aspect,  but  it  differs  in  the  fact  that,  whilst  its  side 
a  consists  of  a  line  of  large  vessels,  its  opposite  side  h  is  composed  of  very  small 
ones  ;  at  the  two  points  c,  c'  the  bundle  consists  of  a  number  of  the  small  vessels 
resembling  those  at  h,  but  here  forming  an  irregular  mass  surrounding  a  vacant  space 
at  each  end  of  the  central  portion,  a,  6  ;  at  a  cluster  of  these  small  vessels  is  detached 
in  Zygopteroid  fashion,  as  if  going  to  supply  some  peripheral  organ.  The  outer 
cortex  is  composed  of  an  uniform  cellular  tissue.  I  propose  the  name  of  Rachiopteris 
irregularis  for  this  very  distinct  organism,  which  is  from  Halifax. 


*  English  Translation,  p.  284. 
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Sivpplementa) nj  Ohse rvat ions. 

Strong  objections  have  been  offered  to  the  supposition  contained  in  the  foregoing 
paper  that  any  translation  of  position  in  the  elements  constituting  any  p)ennanent 
tissue  wa.s  possible.  Since  the  paper  was  written  I  have  devoted  much  time  to  this 
matter,  which  has  an  important  bearing  upon  the  chief  subject  dealt  with  in  the 
present  Memoir.  The  further  I  carry  my  enquiries  into  the  question  of  the  origin 
and  growth  of  the  medulla,  and  the  contenq)oraneous  expansion  of  the  investing 
vascular  medullary  cylinder  (the  “etui  medullaire  ”  of  Brongniart),  the  more  clear 
the  evidence  becomes  that  in  these  primaeval  vascular  Cryptogams  we  are  brought 
face  to  face  with  important  histological  and  physiological  phenomena  to  which  no 
exact  parallels  are  to  be  found  amongst  living  plants.  Yet  these  phenomena  must  be 
as  capable  of  explanation  as  the  many  similar  ones  to  which  the  present  race  of  philo¬ 
sophic  botanists  have  given  so  much  attention  ;  and,  as  the  phenomena  in  question 
must  have  an  important  bearing  upon  the  problem  of  evolution,  they  demand  a  similar 
amount  of  careful  study. 

Though,  as  already  observed,  living  plants  present  no  exact  parallels  to  the  con¬ 
ditions  which  I  have  discovered  amongst  the  Carboniferous  Cryptogams,  we  can 
scarcely  suppose  that  those  conditions  are  the  results  of  vital  agencies  of  which  no 
traces  have  descended  to  living  plants.  Some  further  important  conclusions  arrived 
at  by  the  late  Professor  de  Bary  seem  to  me  to  have  a  practical  bearing  upon  the 
subject.  Speaking  of  the  origin  of  intercellular  spaces,  he  says,  “  These  arise  in  two 
ways  in  the  original  masses  of  cells,  which,  at  least  when  in  the  state  of  meristem,  are 
always  in  uninterrupted  connexion.  First,  by  separation  of  permanent*  tissue  elements, 
as  the  result  of  their  unequal  surface-growth  in  different  directions,  the  original 
common  walls  splitting,  while  the  common  limiting  layer,  which  was  originally 
present  is — perhaps  always — dissolved.  Secondly,  by  disorganisation,  dissolving,  or  in 
many  cases  rupture  of  certain  transitory  cells,  or  groups  of  cells,  which  are  surrounded 
by  permanent  tissues.  We  may  call  the  first  mode  of  origin  scldzogenetic,  the 
second  lysigenetic”  (‘Comparative  Anatomy  of  tlie  Vegetative  Organs  of  the  Phanero¬ 
gams  and  Ferns,’  p.  200). 

In  the  above  passages  de  Bary  had  chiefly  in  view  the  formation  of  cavities 
destined  to  be  occupied  by  gums,  resins,  and  various  other  unorganised  secretions  ; 
whereas,  in  the  case  of  our  fossil  plants,  though  we  have  to  deal  with  similarly 
enlarged  cavities,  these  latter  are  destined  to  be  occupied  by  an  organised  cellular 
parenchyma  ;  but  these  differences  in  their  ultimate  purpose  do  not  materially  affect 
the  way  in  which  the  newly-formed  and  expanding  cavities  are  brought  into  exist¬ 
ence.  The  essential  points  established  by  de  Bary  are  ;  first,  that  vertically  elongated, 
more  or  less  cylindiical  canals  can  be  developed  even  m  p>ermanent  tissues  where  such 
hollow  spaces  had  no  previous  existence  ;  and,  secondly,  that  such  cavities  may  be 


*  The  italics  are  Profe.ssor  de  Bart’s. 
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formed  alike  bj'  the  one  or  the  other  of  the  two  processes,  which  he  respectively 
names  schizogenetic  and  lysigenetic.  So  far  as  I  can  see  at  present,  we  must  choose 
between  these  two  processes  in  seeking  an  explanation  of  the  development  of  the 
medullary  area  and  the  coincident  annular  expansion  of  the  vasculo-medullary 
cylinder,  so  characteristic  of  all  the  Carboniferous  Lepidodendroid  plants. 

In  the  preceding  Memoir  I  have  once  more  shown  (figs.  1-6)  that  a  stem  or  branch, 
the  transverse  section  of  which  reveals  a  large  and  conspicuous  parenchymatous 
medulla  surrounded  by  a  tracheidal,  vasculo-medullary  cylinder,  frequently  can,  and 
possibly  always  does,  give  off  to  a  much  younger  and  smaller  twig  a  solid  axial 
bundle,  in  the  interior  of  which  no  traces  of  a  medulla  can  be  seen.  I  have  also 
again  demonstrated  (figs.  7-15)  that  a  very  young  twig,  destined  in  the  future  to 
enlarge  into  a  branch,  but  in  which  the  axial  bundle  of  tracheids  or  vessels  (fig.  8)  is 
solid,  not  a  hollow  cylinder,  and  in  which  no  traces  of  parenchyma  can  be  detected, 
undergoes  changes  as  it  grows  older  and  larger;  the  axial  vascular  bundle  becomes 
more  and  more  hollow,  whilst,  in  its  expanding  interior,  a  cellular  medulla,  at 
first  very  small,  and  consisting  of  but  a  few  cells  (fig.  9),  becomes  gradually  larger 
(figs.  10,  11,  12),  and  its  component  cells  more  numerous,  as  explained  in  the  Memoir. 
These  are  indisputable  facts,  whatever  may  be  the  explanation  of  them.  In  seeking 
such  an  explanation,  I  repeat,  we  are  shut  up  to  the  two  processes  described  by 
DE  Bary,  to  account  for  the  expansion  of  the  solid  axial  vascular  bundle  into  a 
hollow  cylinder.  Either  the  youngest,  first  formed  tracheids  were  g^ushed  asunder  by 
the  centrifugal  pressure  of  the  growing  and  multiplying  cells  of  the  young  medulla 
developing  in  their  midst  (a  schizogenetic  process),  or  they  were  ahsorhed  (lysigene- 
tically)  under  the  influence  of  the  same  pressure.  In  the  first  case,  all  the  relations 
of  contact  and  propinquity  between  the  primary  vessels  or  tracheids  composing  the 
bundle  must  have  been  subjected  to  a  continued  succession  of  changes  ;  because  not 
only  had  the  primary  vessels,  &c.,  to  enclose  a  larger  area  than  previoushq  but  they 
had  to  allow  the  intercalation  of  a  succession  of  newer  additional  vessels  supplied 
from  the  investing  meristemic  cortex.  This  latter  necessity  is  demonstrated  by  the 
fact  that,  as  the  vascular  ring  increased  in  diameter,  enclosing  at  the  same  time  a 
growing  medulla,  the  actual  number  of  its  component  vessels  likewise  increased. 
My  present  conviction  is  that  the  schizogenetic  hypothesis  is  most  in  harmony  with 
the  known  facts  ;  but,  should  further  investigations  fail  to  support  this  conclusion, 
which  I  scarcely  conceive  to  be  possible,  we  must  then  fall  back  upon  the  second 
hypothesis.  In  doing  this  we  must  conclude  that  cdl  the  vessels  or  tracheids  seen  in 
fig.  8  were  doomed  to  undergo  absorption,  and  thus  make  room  for  the  young  medulla 
of  fig.  9,  and  that,  in  like  manner,  the  successive  vascular  rings  of  figs.  10-12  had  but 
a  temporary  existence  ;  the  only  permanent  vessels  being  those  of  fig.  15,  h,  after  the 
formation  of  which  the  development  of  the  exogenous  zone,  d,  always  appears  to  have 
arrested  the  farther  expansion  alike  of  the  medulla  and  of  its  investing  vascular 
cylinder  in  these  Lepidodendroid  plants.*  The  objection,  in  the  present  case,  to  this 
*  A  note  on  p.  4G6  of  my  Memoir  XII.  on  this  subject  is,  I  fear,  an  erroneous  one. 
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]ysigenetic  hypothesis  is  strong  and  definite.  We  never  find  that  the  tracheids 
forming  the  inner  border  of  the  ring  6,  in  specimens  like  figs.  10-13.  have  their  avails 
torn  or  disorganised,  which  must  have  been  the  case  had  these  inner  tracheids  been 
subject  to  a  continuous  destructive  action. 

Professor  Hugo  ue  Vries,  of  Amsterdam,  who  at  my  request  has  given  some  little 
attention  to  this  subject,  has  suggested  to  me  the  question — Are  such  sections  as  I 
have  represented  in  figs.  7-15  really  examples  of  branches  of  the  same  plant  in  various 
stages  of  development  ?  About  this  I  have  no  doubt  whatever.  The  twig  in  these 
arborescent  exogenous  Lycopods,  as  in  modern  exogenous  trees,  is  but  the  young  state 
or  precursor  of  the  future  branch.  It  is  a  material  point,  bearing  upon  this  part  of 
the  subject,  that  the  above  arguments  are  not  based  upon  some  isolated  example  of 
these  Lepidodendroid  plants.  My  specimens  show  that  the  conditions  to  which  I  am 
once  more  calling  attention  are  not  isolated  or  rare.  They  are  characteristic  of  the 
entire  Lepidodendroid  family,  ivhether  arhorescent  or  otherwise.  Throughout  the 
entire  group  we  know  that  the  large  dichotomous  branches  did  not  shoot  into  existence 
as  such.  They  were  all  once  slender  twigs,  and  I  am  convinced  that  such  series  of 
sections  as  abound  in  my  cabinet,  corresponding  to  those  now  represented  in  my 
figures  7-15,  are  illustrations  of  twigs  and  branches  of  the  same  plant  in  successive 
stages  of  their  growth. 

I  should  also  like  to  remark  on  the  objection  that  in  this  and  some  of  the  preceding 
Memoirs  I  am  in  danger  of  establishing  new  species  without  sufficiently  defining 
them.  In  fact,  the  establishment  of  species  of  Coal-plants  in  the  strict  sense  of  the 
word  has  not  been  my  object.  The  difficulties  in  the  way  of  doing  this  are,  in  my 
judgment,  insuperable.  In  the  earlier  of  this  series  of  Memoirs  I  made  no  attempt  to 
attach  specific  names  to  the  objects  which  I  described.  I  mainly  sought  to  throw  new 
light  upon  the  morphology  and  histology  of  the  Carboniferous  plants.  I  soon  found 
that,  whilst  one  type  of  structure  was  common  to  the  entire  group  of  Lepidodendroid 
and  Sigillarian  plants,  this  type  was  subject  to  numerous  remarkable  modifications  as 
regarded  the  details  alike  of  structure  and  of  growth.  It  became  necessary,  by  some 
symbol,  to  facilitate  reference  to  each  of  these  modifications.  There  was  no  room  for 
doubting  that  where  such  details  were  conspicuously  different  I  was  dealing  with 
forms  that  were  specifically  distinct.  But  the  conv^erse  was  not  necessarily  true.  It 
was  quite  possible,  though  incapable  of  demonstration,  that  identical  modifications  of 
vegetative  structures  might  exist  in  plants  in  which  the  reproductive  organs  might 
have  shown  specific  distinctions,  as  is  so  commonly  the  case  amongst  living  Lycopodia 
and  Selaginellse.  Brongniart,  however,  had  already  followed  the  example  set  by 
WiTHAM  of  employing  the  Linnean  binomial  nomenclature  under  similar  circumstances, 
in  his  descriptions  of  Lepidodendron  Harcourtii,  of  Siyillaria  eleyans,  and  of  Sigillaria 
spinulosa  ;  and  after  some  consideration  I  deemed  it  best  to  follow  so  distinguished  a 
precedent.  At  the  same  time,  I  wish  it  to  be  distinctly  understood  that  my  specific 
names  are  intended  to  repiesent  modifications  of  types  of  organisation  rather  than 
specific  forms. — The  Botanical  Laboratories,  Owens  College,  Jidy  31,  1889. 
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Plate. 

Fig. 
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references  are 
made  to  the 
j  figures. 

5 

1 

Part  of  a  transverse  section  of  a  stem  of  Lepidodendron 
Harcourtii :  a,  part  of  the  medulla  ;  b,  h,  portions  of 
the  medullary  (or  non-exogenous)  vascular  cylinder ; 
h',  a  segment  of  the  cylinder  becoming  detached  at 
the  points  h" ,  h"  to  supply  a  branch.  X  30. 

Cabinet  number,  1654  .  .  .  . . 

1 

196,  201 

5 

2 

The  portion  6,  b,  a,  of  fig.  1,  after  the  segment  b'  has 
become  detached.  X  30.  Cabinet  number,  1656 

197,  201 

5 

3 

The  segment,  fig.  1,  b',  after  its  detachment  from 
fig.  2 ;  a,  remains  of  the  medullary  cells.  X  30. 
Cabinet  number,  1656  . 

197,  201 

5 

4 

The  segment,  fig.  3,  in  process  of  conversion  into  a 
terete  vascular  bundle.  X  30.  Cabinet  number, 
1658  . 

197,  201 

5 

5 

The  same  segment  intersected  yet  higuer  up  in  its 
ascending  course  ;  a,  the  point  from  which  the 
medullary  cells  of  fig.  3,  a,  have  almost  entirely 
disappeared  ;  b',  b',  the  points  of  the  medullary 
vascular  ring  corresponding  to  b' ,  b'  of  fig.  3,  but 
which  have  now  converged.  X  30.  Cabinet 

number,  1659  . 

196,  201 

5 

6 

The  same  segment  at  a  yet  higher  point,  where  it  has 
23assed  into  the  cortex  as  the  vascular  bundle  of  a 
distinct  branch,  from  which  all  traces  of  medullary 
cells  have  disappea.red.  X  30.  Cabinet  number, 
1661 . 

Lepidodendron  niimduni.  Will. 

196,  201 

0 

7 

Transverse  section  of  a  very  young  shoot  of  Lepido¬ 
dendron  mundiini,  Will.  :  5,  the  vascular  bundle, 
not  yet  developed  into  the  hollow  medullary 
vascular  cylinder  ;  c,  the  outer  cortex.  X  80. 

Cabinet  number,  4166 . 

197,  204 

6 

8 

The  vascular  bundle  b,  of  fig.  7,  enlarged,  x  220  . 

197,  205 
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6 

9 

The  vascular  bundle  of  another  stem,  now  converted 
into  a  vasculo-medullary  cylinder,  6,  //,  enclosing  a 
small  but  distinct  medulla,  a,  consisting  of  very 
few  cells.  Cabinet  number,  406.  X  90  ...  . 

197,  205 

6 

10 

Another  stem,  in  which  the  medulla,  a,  is  larger  and  the 
medullary  cells  more  numerous  and  thin- walled,  as  if 
recently  sub-dividecl.  Cabinet  number  416c  . 

197,  205 

6 

11 

Transverse  section  of  another  stem,  in  which  the 
medulla,  a,  has  enlarged  yet  further  and  its  component 
cells  have  assumed  their  matured  parenchymatous 
form.  Cabinet  number,  405.  X  90  . 

197,  205 

6 

12 

Transverse  section  of  my  largest  stem  of  this  'Hiundum 
type,  showing  an  enormous  increase  alike  in  the 
number  of  the  vessels  of  the  medullary  vascular 
cylinder,  h,  ?/,  and  of  the  cells  of  the  medulla,  a. 
Cabinet  number,  413.  X  66 . 

197,  205 

6 

13 

Longitudinal  section  through  the  central  j)ortion  of  a 
stem,  showing  the  medullary  cells  at  a,  the  medul¬ 
lary  vascular  cylinder  at  h,  and  the  cells  of  the 
innermost  cortex  at  c,  c.  Procambial  (?)  cells  at  c  . 
Cabinet  number,  414.  X66 . 

197 

6 

14 

Transverse  section  through  another  stem,  in  which  the 
medullary-vascular  axis,  a,  h,  is  dichotomising  in 
the  usual  Lepidodendroid  manner.  Cabinet  number, 
412.'  X  66 . 

198 

5 

14a 

Small  portion  of  a  scalariform  tracheid  of  the  medullary 
'  vascular  cylinder  of  L.  mundiim,  fig.  13,  h,  showing 
three  of  the  bordered  pits  traversed  vertically  by  very 
delicate  lignified  threads.  X  650  . 

197 

5 

14b 

Portion  of  a  single  bordered  pit  of  14a,  magnified 
1,800  chameters  :  a,  a,  the  transverse  lignihed  bars  ; 
b,  the  vertical  threads . 

197 

5 

15 

Part  of  a  transverse  section  in  which  the  medullary 
vascular  cylinder,  h,  is  invested  by  a  relatively  thick 
exogenous  zone,  d.  Cabinet  number,  4166.  X  65  . 

198 

i 
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Lepidodendon  intermedium,  Will. 

7 

1 

16 

Transverse  section  of  a  stem  in  whicli  the  more  internal 
tracheids  of  the  medullary  vascdar  cylinder,  h,  are 
loosely  intermingled  with  the  cells  of  the  medulla,  a. 
The  exogenous  zone,  d,  is  composed  of  extremely 
small  tracheids  arranged  in  radiating  lines.  This 
zone  is  encased  in  a  zone  of  the  uniformly  small 
cells  of  the  inner  cortex  e.  Cabinet  number,  417. 

X  40 . 

198,  202 

7 

17 

Part  of  a  tangential  section  of  the  exogenous  zone,  d,  of 
fig.  16,  exhibiting  numerous  meandering  tracheids, 
d' ,  intermingled  with  relatively  large  cells,  d”. 
Cabinet  number,  419.  X300  . 

198,  202 

1  8 

1 

18 

Part  of  a  vertical  section  made  through  the  centre  of 
the  medullary  vascular  cylinder  :  a,  vessels  of  the 
medullary  cylinder,  fig.  I6h ;  d,  exogenous  zone; 
e,  innermost  cortex.  Cabinet  number,  419.  X  300 

Lep){dodendron  Spencem,  Will. 

198 

8 

1 

1 

19 

Transverse  section  of  a  branch :  a,  central  vascular 
cylinder  devoid  of  any  true  medulla  ;  e,  thin  zone  of 
the  inner  cortex,  most  of  which  has  disappeared ; 
f,  the  middle  cortex  ;  f,  prominence  of  the  middle 
cortex,  through  which  a  foliar  vascular  bundle  has 
issued  ;  f",  masses  of  dense  thick-walled  cells,  many 
of  which  in  each  mass  have  become  disintegrated. 
These  dark  masses  have  alternated  with  radiating 
bands  of  cells,  f"',  of  larger  size,  and  with  thinner 
walls.  Cabinet  number,  19Z>.  X  25 . 

1 

[ 

199 

7 

20 

A  peripheral  point,  like  /'  of  fig.  19,  showing  the 
tracheids  of  the  foliar  bundles  at  f',  the  inner 
cortex  af  e,  and  the  middle  cortex  at  f.  Cabinet 

j 

number,  419n.  X  50 . 
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1 

A  radial  section  through  n  branch  showing;  the  outer- 
most  trachelds  of  the  vascular  medullary  cylinder  at  a, 
the  inner  cortical  cells  at  e,  and  the  prosencliymatous 
middle  cortex  at  f;  a  foliar  vascular  bundle  is  passing 
outwai'ds  at  a'.  Cabinet  number,  419c.  X  46  . 

j 

199 

7 

1 

22 

1  Radial  section  through  the  vascular  axis,  a,  a  :  a,  a 
foliar  bundle  passing  outwards  through  the  inner 
cortical  cells,  e  ;  a" ,  centre  of  the  vascular  medullary 
cylinder  consisting  either  of  non-lignified  trachelds 
or  of  procambial  cells  ;  a"',  trachelds  very  imper¬ 
fectly  lignified ;  a,  trachelds,  the  llguification  of 
which  is  complete.  Cabinet  number,  419c.  X  85  . 

Lepidodendron  parvulum,  Wir.L. 

i 

1 

1 

1 

199  ' 

1 
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23 

Transverse  section  of  a  branch  :  a,  area  occupied  by  a 
medulla  ;  h,  vascular  medullary  cylinder ;  c,  inner 
cortical  zone  ;  d,  outer  cortex  ;  c,  areas  occupied  by 
a  special  form  of  parenchyma  ;  f,  leaves.  Cabinet 
number,  421.  X  35  . 

200 

!  8 

1 

24 

Section  of  a  second  branch  showing  the  more  sym- 
metiical  arrangement  of  the  special  cellular  areas,  c, 
separated  by  the  cortical  bands,  e .  Cabinet  number, 
420.  X  35 . 

1 

200 

8 

25 

A  section  of  a  dichotomising  branch  :  h,  horseshoe¬ 
shaped  divisions  of  the  medullary  vascular  cylinder  ; 
c,  special  areas,  occupied  in  this  section  by  the 
special  cells  represented  in  fig.  27  \  f,  leaves.  Cabinet 
number,  424.  X  35  . 

200 

8 

26 

Ordinary  condition  of  the  cortical  parenchyma  of  figs. 
23-25  . 

200 

5 

1  i 

1 

I 

26a 

Cells  from  the  medulla  of  a  branch  of  Lepidodendron 
Ilarcourtii,  in  which  all  the  medullary  cells  are  in  a 
state  of  active  meristemic  multiplication.  Cabinet 
number,  381  . . 
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27 

Condition  of  the  parenchyma  occupying  the  areas,  e , 
of  fig.  25 . 

200 

8 

28 

Transverse  section  of  a  stem  or  petiole  of  Paichiopteris 
wcequalis,  Will.  :  a,  lai’ge  tracheids,  occupying  one 
side  only  of  the  vascular  bundle ;  h,  much  smaller 
tracheids,  occupying  the  opposite  side  of  the  vascular 
bundle,  a  ;  c,  c',  small  tracheids,  similar  to  h,  occu- 
})ying  the  two  extremities  of  the  section  of  the 
vascular  bundle;  d,  a  cluster  of  small  tracheids, 
apparently  detached  from  c,  probably  destined  to 
supply  some  lateral  appendage  not  seen  in  the 

section  .  . . 
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By  H.  G.  Seeley,  F.R.S.,  Professor  of  Geography  in  King's  College,  London. 
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[Plates  9-25.] 

The  Structure  of  the  Skull  in  Jinoraodontia. 

The  chief  contributions  to  a  knowledge  of  the  Anomodont  skull  have  been  made  by 
Sir  Richard  Owen,  Professor  Huxley,  and  Professor  Cope.  When  Sir  Pt.  Owen 
published  his  first  description  of  several  species  of  Dicynodon,\x\  1845,"^  and  regarded 
that  genus  as  indicating  a  new  order  of  Saurians,  an  elaborate  comparison  was  made 
to  indicate  the  nature  of  its  relation  to  existing  orders  of  Reptiles,  with  the  result 
that  the  skull  was  interpreted  as  essentially  formed  on  the  Lacertilian  jilan,  though 
upon  that  plan  structures  are  engrafted  which  are  otherwise  characteristic  of 
Chelonians  and  Crocodiles.  The  Lizards  with  which  it  is  chiefly  compared  are  the 
fossil  Rhynchosaurus  of  the  Trias,  and  the  existing  Hatteria.  The  chief  Lacertilian 
characters  enumerated  are  : — (l)  the  single  pre-maxillary  bone  and  the  double  external 
nasal  apertures,  though  the  pre-maxillary  is  single  in  Chelys,  and  both  these  con¬ 
ditions  are  found  in  many  Serpents  and  some  Amphibians,  though  the  great  develop¬ 
ment  of  the  pre-maxillary  in  Dieynodonts  is  thought  to  foreshadow  its  condition  in 
Birds  ;  (2)  few  existing  Lizards  have  the  maxillary  arch  so  strong  or  tire  maxillary 
bones  so  well  developed';  (3)  the  zygomatic  bone  is  continued  from  the  lower  border 
of  the  orbit  to  the  upper  end  of  the  tympanic  pedicle ;  (4)  the  tympanic  pedicle 
descends  vertically  from  the  junction  of  the  zygomatic  and  mastoid,  and  is  compara¬ 
tively  free;  (5)  the  flat  anterior  part  of  the  parietal  bone  is  perforated  by  a  parietal 
foramen,  and  the  posterior  part  of  fhe  bone  bifurcates  ;  (6)  the  orbits  are  circular  and 
midway  in  the  length  of  the  skull.  In  some  respects  the  characters  are  said  to  show 
a  blending  of  Chelonian  and  Lizard  structures.  Thus,  the  palate  unites  features  of 
both  those  orders  ;  there  is  a  bony  floor  to  the  orbit ;  the  ex-occipital  and  basi-occipital 
bones  combine  to  form  the  tripartite  occipital  condyle. 

Among  the  differences  of  Dicynod.on  from  Lizards  which  were  indicated,  are; — (l)  the 
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edentulous  Turtle-like  mandible  and  pre- maxillary  ;  (2)  the  expanded  vertical  occipital 
plate,  which  is  compared  to  that  of  Crocodiles;  (3)  the  brain-case  is  only  two-thirds 
the  breadth  of  the  inter-orbital  space,  and  in  its  small  size  suggests  the  lowest 
Amphibians  ;  while  (4)  the  two  tusk-like  teeth  are  only  paralleled  among  Mammals. 
One  of  the  distinctive  Dicynodont  characteristics  is  the  junction  of  the  par-occipital 
and  sphenoid  with  the  tympanic,  near  to  the  broad  slightly  convex  condyle. 

The  bones  which  are  identified  in  the  skull  are  : — the  basi-occipital,  ex-occipital,  par- 
occipital,  sur-occipital,  basi-sphenoid,  mastoid,  parietal,  post-frontal,  mid-frontal,  vomer, 
pre-frontal,  nasal,  lachrymal,  inter-maxillary,  maxillary  ;  the  malar  was  thought  to  be 
blended  with  the  maxillary  ;  the  palatine,  dentary,  articular,  splenial,  angular,  coronal, 
zygomatic,  tympanic. 

In  1859,  Professor  Huxley  made  an  important  contribution  to  knowledge  of  the 
Dicynodont  skull  in  his  memoir  on  the  Ptychognathus  MurrayiP  By  making  trans¬ 
verse  vertical  sections  of  the  skull,  the  remarkable  median  vertical  longitudinal  plate 
which  extends  forward  from  the  brain-case  w'as  discovered.  The  pre-sphenoid  is  said 
to  be  united  with  the  basi-sphenoid  by  an  oblique  suture.  Anteriorly  it  becomes  the 
inter-orbital  septum,  and  passes  into  the  ethmo-vomerine  plate  or  nasal  septum.  This 
expands  interiorly  and  unites  with  the  maxillary.  The  palatine  bones  are  found  to  be 
attached  to  the  pre-sphenoid  below  the  anterior  border  of  the  orbits,  and,  passing 
forward  into  the  maxillary,  define,  with  the  ethmo-vomerine  septum,  the  two  posterior 
nares.  The  nasal  passages  of  Birds  make  a  much  closer  approximation  to  the  con¬ 
dition  in  Dicynodon  than  is  found  in  the  Monitors.  And  it  is  observed  that  the 
manner  in  which  the  palatines  and  pteiygoids  are  connected  with  one  another  and 
with  the  pre-sphenoid  is  extremely  Bird-like. 

In  1859,  Sir  Bichaiid  Owen  made  full  descriptionst  of  species  which  indicated 
the  existence  of  other  genera,  named  Ptychognathus  and  Oudenoclon,  and  elucidated, 
in  a  more  perfect  way,  many  characters  of  the  skull  which  were  indicated  in  the 
original  figures  and  descriptions  of  Dicynodon.  In  the  same  memoir  the  genus 
Galesaurus  was  defined,  which  afterwards  became  the  type  of  a  distinct  family,  and 
eventually  was  placed  in  another  order  of  Reptiles. 

In  the  same  year.  Sir  Richard  Owen  contributed  to  the  Reports  of  the  British 
Association  for  the  Advancement  of  Science,  a  memoir j;  “On  the  Orders  of  Recent 
and  Fossil  Reptilia  and  their  Distribution  in  Time,”  in  which  the  order  Anomodontia  is 
defined  for  the  first  time.  It  then  comprised  three  families  ;  Dicynodontia,  founded  on 
Dicynodon  and  Ptychognathus ;  Cryptodontia,  founded  on  Oudenodon ;  and  Gnath- 
odontia,  fouuded  on  Rhynchosaurus.  The  third  family  does  not  appear  to  have  been 
sustained,  for,  in  a  later  writing, §  Rhynchosaurus  is  grouped  under  the  Cryptodontia. 

*  ‘  Geol,  Soc.  Quart.  Journ.,’  vol.  15,  p.  649,  on  Dicynodon  Murmyi. 
t  Ibid.,  vol.  16,  1860,  p.  49 ;  and  ‘  Ann.  Nat.  Hist.,’  vol.  4,  1859,  p.  77. 
t  ‘  Brit.  Assoc.  Report,’  Aberdeen,  1859,  p.  153. 

§  ‘  Palaeontology,’  2nd  edition,  1861,  p.  263. 
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The  same  author  soon  after  published  his  ‘  Palaeontology,’  which  gives  in  the  second 
edition,  in  1861,  a  summary  of  his  researches  on  the  Anomodontia,'^  with  some  new 
facts  and  new  views.  Thus,  it  is  observed  of  the  Dicynodontia  :  “  The  vertebrae,  by  the 
hollowness  of  the  co-adapted  articular  surfaces,  indicate  these  Reptiles  to  have  been 
good  swimmers,  and  probably  to  have  habitually  existed  in  water ;  but  the  construc¬ 
tion  of  the  bony  passages  of  the  nostrils  proves  that  they  must  have  come  to  the 
surface  to  breathe  air.  The  pelvis  consists  of  a  sacrum  composed  of  five  confluent 
vertebrae,  with  very  broad  iliac  bones,  and  thick  and  strong  ischial  and  pubic  bones. 
The  bones  of  the  limbs  resemble  those  of  the  marine  Chelonia,  but  are  more  expanded 
at  the  extremities.”  The  par-occipital  in  Ptychognathus  is  said  to  have  been  connate 
with  the  ex-occipital,  as  in  Crocodiles. f  A  similar  observation  had  been  made  con¬ 
cerning  the  skull  of  Dicynodon  tigrice.ps.\  The  bone  in  D.  lacerticeps  which  was 
named  par-occipital  in  the  explanation  of  the  plate  was  described  as  wedged  between 
the  basi-sphenoid  and  the  quadrate.  That  bone  I  propose  to  interpret  as  the  malleus. 
In  ‘  Palaeontology  ’  §  a  new  family,  named  Cynodontia,  is  founded  for  the  genera 
Galesaurus  and  Cy7wcliampsa. 

In  1862  Sir  Richard  Owen  contributed  to  the  ‘  Philosophical  Transactions’  of  the 
Royal  Society,  a  memoir  “  On  the  Dicynodont  Reptilia,  with  a  description  of  some 
Fossil  Remains  brought  by  H.R.H.  Prince  Alfred  from  South  Africa,  November,  1860.”|| 
The  same  volume  contains  an  account  of  the  pelvis  of  Dicynodon^  in  which  the 
Mammalian  character  of  the  pubic  symphysis  is  urged ;  and  the  sacrum  would  have 
been  considered  Mammalian,  but  for  its  resemblance  to  Dinosaurs. 

Professor  Cope  in  1870  published  in  the  ‘Proceedings  of  the  American  Association 
for  the  Advancement  of  Science  ’  a  memoir  “  On  the  Homologies  of  some  of  the 
Cranial  Bones  of  the  Reptilia,,  and  on  the  Systematic  Arrangement  of  the  Class,” 
in  which  the  cranium  of  the  Anomodontia  is  described  from  new  materials.  The 
new  skull  is  in  many  respects  similar  to  Ptychognathus,  bub  appears  not  to  show  the 
posterior  bifurcation  of  the  parietal  bone,  resembling  in  this  respect  types  like 
Dicynodon  tigriccps.  It  is  referred  to  a  new  genus  named  Lystrosaurus.  If  this 
specimen  justifies  all  tire  conclusions  which  the  author  draws  from  it,  it  should  have 
been  more  fully  figured,  for  it  is  a  more  ]Derfect  representative  of  the  order  than  the 
materials  previously  described  in  this  country.  Like  other  writers,  Professor  Cope 
uses  a  nomenclature  for  the  bones  which  depends  upon  his  theoretical  views  of  the 
structure  of  the  skull  and  differs  in  some  points  from  that  already  given  by  Owen. 
The  order  is  grouped  with  the  Archosauria,  a  division  of  the  Reptilia  formed  to 

*  Loc.  cit.,  p.  255, 

t  ‘  Geol.  Soc.  Quart.  Journ.,’  vol.  16,  p.  50. 

X  ‘  Geol,  Soc.  Trans.,’  vol.  7,  p.  235. 

§  Loc.  cit.,  p.  267. 

II  ‘  Phil.  Trans.,’  1862,  p.  455. 

T[  Loc.  cit.,  p.  462. 
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include  Anomodontia,  Dinosauria,  Crocodilia,  and  Ornlthosauria.  The  immovable 
articulation  of  the  squamosal  throughout  the  length  of  the  quadrate  bone  removes  the 
Anomodontia  from  the  Lacertilia.  The  withdrawal  of  the  pro-otic  and  opisth-otic 
from  supporting  the  quadrate  bone  places  it  nearest  towards  the  Lacertilia.  HatteHa 
has  a  similar  development  of  the  squamosal.  In  both  types  the  posterior  extremity 
of  the  pterygoid  js  much  expanded,  and  supports  a  columella  ;  there  is  an  osseous 
inter-orbital  septum  ;  distinct  (?)  epi-otic  bones,  bi-concave  vertebrae,  and  a  parietal 
foramen.  Lizards  also  agree  with  Anomodonts  in  wanting  the  quadrate -jugal  arch, 
and  in  having  the  pre-maxillary  bone  usually  single.  The  Chelonian  characters  are 
limited  to  the  edentulous  jaws,  and  co-ossified  mandibular  rami.  The  Crocodilian 
characters  are  the  pre-sphenoid  keel,  the  expansion  of  the  pterygoid  to  unite  with 
it,  the  mandibular  foramen,  and  reduced  size  of  the  zygomatic  bone.  Kesemblances 
to  the  Ichthyopterygia  are  seen  in  the  parietal  and  quadrate  branches  of  the  squa¬ 
mosal,  the  sessile  suspensorium  of  the  quadrate,  and  the  posterior  flat  opisth-otic. 
Resemblances  to  the  Dinosauria  are  found  in  the  elongate  sacrum,  the  capitular  and 
tubercular  attachment  for  ribs  on  the  neural  arch  and  centrum  respective!}^.  This 
type  of  rib  articulation  is  also  spoken  of  as  Mammalian.  The  ribs  are  continued  to 
the  sacrum.  The  author  concludes  that  the  Anomodontia  are  the  most  generalized 
order  of  Reptiles  known. 

Professor  Cope’s  account  of  the  pterygoid,  epi-otic,  pro-otic,  columella,  quadrate, 
pre-sphenoid,  and  other  structures  has  hitherto  only  been  supported  by  the  evidence 
of  diagrammatic  woodcuts. 

In  1876,  the  Trustees  published  a  descriptive  and  illustrated  ‘  Catalogue  of  the  Fossil 
Reptilia  of  South  Africa  in  the  Collection  of  the  British  Museum,’  by  Sir  Richard 
(3wen,  F.R  S.,  in  which  most  of  the  figures  published  previously  are  reproduced,  vdth 
representations  of  all  the  more  important  specimens  in  the  collection. 

The  family  Cynodontia  of  that  author’s  ‘  Palfeontology  ’  is  now  raised  to  the  rank 
of  an  order,  and  named  Theriodontia,  on  account  of  the  I’esemblance  of  its  dentition  to 
that  of  the  Mammalia.  In  this  group  are  arranged  various  species  of  the  genera 
Lycosuiirus,  Tiyrisuchus,  Cynodracon,  Cynochamjysa,  Cynosuchus,  Gcdesaurus,  Nytlio- 
saurus,  Scaloposaurus,  Procolophon,  and  Gorgonops.  The  last-named  genus  is  the  type 
of  a  family,  Tectinarialia ;  the  other  genera  are  classed  as  Binarialia  or  Mononarialia, 
according  as  the  external  nostidls  a^’e  divided  or  single. 

The  Anomodontia  are  sub-divided  into  three  families.  The  name  Dicynodontia  of 
the  ‘British  Association  Pteport,’  is  replaced  by  the  term  Bidentalia  ;  and  in  this  family 
are  placed  species  of  the  genera  Dicynodon  and  Ftychognathus.  The  family  Crypt- 
odontia  novv  includes  the  genera  Oudenodon,  llieriognathus,  and  Kistecephcdiis.  A 
third  family,  named  Endothioclontia,  is  formed  for  the  genus  Endothiodon,  which  has 
the  teeth  spread  over  the  palate  and  absent  from  the  alveolar  borders. 

In  “Dicynodon  Jacerticeps'^  {Joe.  cit.,  Plate  XXIIL,  fig.  3,  p.  30),  the  par-occipital 
(opisth-otic)  was  regarded  as  being  confluent  with  the  ex-occipital,  as  in  the  Crocodile. 
Its  broad  process  is  said  to  abut  against  both  the  mastoid  (squamosal)  and  tympanic 
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(quadrate).  I  have  been  unable  to  find  any  certain  evidence  of  the  presence  of  the  opistb- 
otic  in  this  position.  It  is  stated  that  the  tympanic  pedicle  is  formed  by  the  mastoid,  8 
(squamosal),  squamosal,  27  (quadrato-jugal),  and  tympanic,  28  (quadrate)  ;  but  neither 
in  the  text  nor  in  the  figures  is  the  part  taken  by  each  bone  defined.  I  recognize  no 
evidence  of  the  quadrato-jugal,  and  the  bone  on  which  the  number  28  is  placed, 
Plate  XXIIL,  fig.  1, 1  regard  as  the  squamosal,  and  this  bone  is  also  numbered  8  and  27. 
What  I  regard  as  the  quadrate  bone  is  very  imperfectly  exposed,  and  only  appears 
as  a  slender  ossification  widening  distally,  placed  in  front  of  the  distal  end  of  the 
scpiamosal.  It  is  neither  described  nor  figured.  Hence,  the  visible  part  of  the  so-called 
tympanic  pedicle  is  formed  by  the  squamosal  bone,  though,  as  will  be  subsequently 
proved  in  other  species,  the  condylar  surface  is  contributed  to  by  the  quadrate  bone. 
In  the  “  Description  oiDicijnodon  leoniceps  ”  (p.  32,  Plates  XXIV.-XXVI.),  the  author 
regards  the  occiput  as  having  been  crushed  into  a  pair  of  plates  meeting  at  a  right 
angle.  This  basin-like  occipital  depression,  also  found  in  D.  par  cheeps  and  other  species, 
seems  to  me  to  be  natural ;  for,  if  pressure  had  materially  approximated  the  squamosal 
bones  in  the  way  implied,  it  would  have  obliterated  the  groove  between  the  parietal 
bones  (Plate  XXV.),  and  have  otherwise  distorted  the  skull.  The  form  of  the  condyle  of 
the  quadrate  bone  is  compared  in  this  species  to  the  distal  end  of  the  humerus  of  a 
Ruminant  or  the  tibia  of  a  Bird.  Subsequently  it  may  be  sliown  that  the  form  of  the 
condyle  varies  with  the  species.  The  author  states  that  in  this  species  the  squamosal 
descends  to  near  the  neck  of  the  outer  condyle,  and  that  it  extends  behind  the 
quadrate.  The  author  states  that  the  composition  of  the  tympanic  pedicle  is  clearly 
traceable,  but  the  numbers  8  and  27,  placed  on  its  upper  part,  imply  distinct  elements, 
which  I  am  unable  to  find. 

The  pair  of  “  hypapophyses  ”  below  the  occipital  condyle  is  said  to  be  formed  by  the 
basi-occipital  and  basi-sphenoid  ;  they  are  compared  to  the  descending  basi-occipital 
process  of  Lizards,  and  are  supposed  to  have  given  attachment  to  powerful  muscles. 
In  D.  lacerticeps  and  many  Dicynodonts  each  process  is  seen  to  be  formed  by  the  (?) 
ex-occipital,  basi-occipital,  and  basi-sphenoid,  and  to  give  attachment  to  the  malleus, 
which  has  not  ascended  to  its  position  in  the  skull  among  Mammals,  and  extends 
transversely  outward  to  the  quadrate  bone.  The  pterygoid,  which  rests  partly  on  the 
basi-sphenoid,  is  said  to  send  a  process  backward,  which  abuts  against  the  quadrate  ; 
this  character  is  regarded  as  Lacertilian.  It  will  subsequently  appear  that  the 
quadrate  may  also  sometimes  send  a  short  pterygoid  process  inward  to  meet  the 
pterygoid  bone  ;  and  that  the  mode  of  junction  of  these  bones  shows  distinctive 
features.  The  author  then  describes  the  long  ovate  palato-uasal  vacuity,  which  is  single, 
but  apparently  without  recognizing  the  vomer  at  its  anterior  margin.  Evidence  will 
hereafter  be  given  to  show  that  in  some  other  Dicynodonts  there  are  three  palatal 
vacuities — one  posterior  and  median  in  the  pterygoid  bones,  as  Sir  R.  Owen  thinks 
possible,  and  two  lateral  vacuities  divided  by  the  vomer.  There  is  reason  to  doubt 
whether  the  ecto-pterygoid  (transverse)  is  found,  and  the  lateral  vacuities  of  the 
Crocodile’s  palate  are  not  present.  The  author  compares  the  inter-palatal  vacuity  to 
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the  condition  in  many  Marsupials.  The  exposed  temporal  foss  is  said  to  give  a  Carni¬ 
vorous  Mammalian  character  to  the  skull. 

On  the  right  side  of  the  type-specimen  of  D.  leoniceps  (Owen),  British  Museum, 
No.  47,047,  the  base  of  the  columella  is  exposed,  rising  from  the  posterior  part  of  the 
pterygoid  bone.  It  has  a  comparatively  long  basal  attachment,  and  extends  obliquely 
upward  and  forward.  It  is  imperfectly  indicated  in  ‘  Cat.  South  African  Reptiles,’ 
PJate  XXIV.,  above  the  number  24,  but  is  not  described. 

The  specimen  figured  in  this  plate  seems  to  me  to  give  no  support  to  the  interpre¬ 
tation  of  the  palate  there  given.  The  separation  between  what  are  interpreted  as  the 
pterygoid  and  palatine  bones,  as  shown  in  the  figure,  has  no  existence.  The  bone  is 
divided  on  one  side  but  not  on  the  other  ;  and  the  division  is  probably  due  to  fracture. 
If  the  anterior  portion  were  really  separate,  it  would  be  the  transverse  bone,  and  not  the 
palatine  ;  but  no  such  division  in  the  pterygoid  is  to  be  detected  in  any  of  the  numerous 
specimens  which  display  that  bone.  Hence,  the  pterygoids  are  commonly  united 
below  the  sphenoid,  in  the  median  line  (though  apparently  separate  in  No.  47,056), 
and  they  are  constricted  from  side  to  side  at  their  confluence.  They  send  a  process 
on  each  side  backvvard  and  outward  to  the  quadrate,  and  forward  and  slightly  outward 
to  the  maxillary.  The  latter  union  takes  place  below  the  orbit,  and  excludes  the 
palatine  bone  from  the  external  border  of  the  palatal  arch.  The  palatine  bone  may  be 
found  on  each  side,  in  close  squamous  contact  with  the  anterior  bar  of  the  pterygoid, 
along  its  inner  side.  It  extends  backward  to  the  point  where  the  inner  diverging 
fork  or  plate  of  the  pterygoid  is  given  oft’  (Brit.  Mus.,  No.  47,047  ;  and  ‘  South  African 
Catalogue,’  Plate  XXVI.,  fig.  1).  Anteriorly  the  bone  widens,  and  externally  is  wedged 
between  the  pterygoid  and  maxillary  bones,  and  internally  processes  from  the  two 
sides  converge  forward  to  meet  the  vomer,  which  divides  them,  but  is  not  drawn  in 
Plate  XXVI.,  fig.  1.  If  the  median  inter-palatine  space  had  been  excavated  deeper,  it 
is  probable  that  the  internal  pterygoid  processes  between  which  the  number  24  is  placed 
on  Plate  XXVI.  would  have  converged  forward  to  form  a  median  vertical  pterygoid 
plate,  which  would  have  extended  forward  to  meet  the  vomer,  this  being  the  usual 
relation  of  the  bones  in  other  specimens. 

No  other  specimen  which  has  been  described  shows  so  perfectly  the  form,  size, 
and  relations  of  the  quadrate  bone,  though  its  individuality  has  been  ignored  in 
Plate  XXIV.,  where  only  a  broken  mass  of  bone  is  indicated  above  the  condyle,  28. 
The  median  descending  broken  mass,  with  a  black  anterior  outline  in  the  figure,  is 
part  of  the  squamosal,  extending  laterally  downward  over  the  quadrate  bone.  The 
dark  oval  space  in  the  figure  a  little  behind  this  bone,  and  7  or  8  centims.  above 
the  condyle,  is  part  of  the  proximal  surface  of  the  quadrate  bone,  laid  bare  by  a  piece 
of  the  squamosal  bone  being  broken  away  from  behind  it,  so  that  the  bone  is  received 
into  an  arch  in  the  squamosal,  and  its  entire  ai^terior  extent  is  exposed  looking 
obliquely  forward  and  outward.  The  extreme  height  of  the  bone  on  its  external 
border  against  the  squamosal  is  10  centims.  from  the  base  of  the  condyle.  At  that 
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height  there  is  no  indication  of  its  existence  in  the  figure  ;  but  in  the  specimen  the 
bone  projects  forward  a  little,  and  is  well  defined  by  a  groove  above  it.  Its  inner 
border  is  convex,  and  the  pterygoid  unites  with  tliat  border,  just  above  the  condyle, 
by  an  attachment  which  is  2  centirns.  deep.  The  attachment  was  not  firm,  for  in 
D .'pardice'ps  and  other  species  the  quadrate  bones  are  lost  from  the  otherwise  perfect  skull. 

The  Dicynodon  'pardiceps  (Owen),  South  African  Cat.,  No.  70  ;  Brit.  Mus., 
No.  47,045,  in  many  respects  the  most  instructive  of  all  the  specimens,  has  never 
been  adequately  described.  It  shows  details  of  structure,  owing  to  the  softness  of 
the  matrix,  which  manifest  the  union  between  many  of  the  bones.  The  remarkably 
elongated  zygomatic  arch  I  find  formed  chiefly  by  the  squamosal  bone,  which  extends 
forward  to  the  orbit.  The  maxillary  bone  tdso  contributes  to  form  it.  extending  below 
and  behind  the  squamosal  backward,  almost  to  the  descending  process.  The  malar 
bone  forms  the  lower  border  of  the  orbit.  It  rests  externally  upon  the  squamosal, 
and  internally  upon  the  maxillary;  its  posterior  extremity  supports  the  post-frontal 
bone,  and  its  anterior  extremity  appears  to  extend  forward  to  the  lachrymal,  and 
inward  to  meet  what  I  take  to  be  an  outwardly  directed  process  of  the  palatine.  The 
post-frontal  is  a  slender  transverse  bar,  and  meets  the  frontal  by  a  well  defined  suture. 
The  small  parietal  lies  in  front  of  the  parietal  foramen ;  but  I  do  not  feel  certain  that 
the  long  oblique  posterior  processes  are  rightly  referred  to  that  bone,  and  it  would 
seem  as  though  the  analogous  structure  in  Lizards  had  suggested  an  explanation 
which  has  not  been  questioned.  These  bones  seem  to  me  to  diverge  anteriorly  to 
expose  the  parietal,  and  they  divei'ge  posteriorly  to  support  the  squamosals.  If  they 
are  separate  ossifications,  they  may  represent  external  elements  in  the  Amphibian 
skull  which  have  remained  after  a  deeper  seated  ossification  was  developed,  just  as  in 
some  types  basi-temporals  remain  after  the  sphenoid  is  ossified- 

In  Dicynodon  pardiceps  a  groove  connects  the  upper  posterior  corner  of  the  nasal 
aperture  with  the  orbit,  much  as  in  Pareiasaurus,  though  the  depression  is  but 
slightly  marked.  In  D.  leoniceps  the  region  behind  the  nares  is  impressed  over  the 
depth  of  the  apertures. 

In  Dicynodon  tigriceps  (Owen)  tlie  configuration  of  the  zygoma  and  temporal 
fossa  is  stated  to  be  most  nearly  paralleled  in  Chelydra,  though  the  difterence  is 
considerable.  In  another  specimen  referred  to  the  same  species,  the  inter-orbital 
space  is  said  to  be  more  completely  ossified  than  in  modern  Crocodllia,  Chelonia,  or 
Lacertilia,  and  is  an  approximation  to  Mammalian  structure.  The  upper  anterior 
angle  of  the  pterygoid  is  said  to  join  the  anterior  extension  of  a  cranial  bone  which 
may  correspond  with  the  pre-sphenoid  of  Crocodiles,  or  the  orbito-sphenoid  of 
Chelonians.  The  reference  of  this  specimen  to  D.  tigriceps  is  on  several  grounds 
open  to  question.  But  the  bone  which  the  author  regards  as  pre-sphenoid  (5)  seems 
to  me  to  be  the  median  plate  of  the  pterygoid.  It  is  possible  that  a  small  ossifica¬ 
tion  above  this,  which  extends  obliquely  forward  and  upward,  may  be  the  pre¬ 
sphenoid,  for  it  is  in  the  position  which  the  pre-sphenoid  should  occupy.  The  hone 
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above  it,  at  the 'back  of  the  orbit,  is  pierced  by  a  large  foramen  ;  a  similar  foramen 
appears  to  be  present  at  the  back  of  the  corresponding  inter-orbital  bone  in  the 
specimen  termed  Dicynoclon  Murrayi  (Huxley).  This  perforation  I  can  only  regard 
as  the  foramen  for  the  olfactory  nerve,  and  the  bone  as  the  orbito-sphenoid.  A  little 
further  back,  parallel  to  the  cranial  wall,  but  well  separated  from  it,  is  a  thin  flat 
bone,  which  extends  from  the  parietal  region  to  the  pterygoid ;  and  I  therefore 
identify  it  as  the  columella.  There  appears  to  be  a  distinct,  suture  towards  the 
quadrate  process  between  an  outer  and  an  inner  element  of  the  pterygoid,  and  a  line 
which  might  be  fracture  or  suture  extends  forward  to  tlie  angle  where  the  posterior 
end  of  the  palatine  is  wedged  into  the  bone.  This  furnishes  some  evidence,  though 
no  proof,  that  the  long  external  bone  may  be  the  transverse  bone.  In  other 
specimens  it  appears  to  be  blended  with  the  median  element,  for  no  suture  has 
been  detected  on  its  palatal  aspect.  The  following  figure  shows  the  relations  of  the 
median  bones  of  the  skull  according  to  the  interpretation  now  given. 


Fig.  I. 


Obliqiiely  crusted  Dicynodont  skull,  wticli  has  lost  its  external  arches  and  shows  the  hones  between 
the  orbit  and  squamosal  region.  The  shaded  parts  are  vacuities  or  spaces  occupied  with  matrix. 
The  fractures  produced  by  the  crushing  make  the  recognition  of  the  sutures  difficult.  The  figure 
now  given  may  be  compared  with  Plate  xxxiv.,  fig.  I,  ‘  South  African  Catalogue.’ 


i.p.  Inter-parietal. 
col.  Columella. 
f.s.  Pre-sphenoid. 
orh.sp.  Orbito-sphenoid. 
pt.  Pterygoid. 


?tr.  Apparently  distinct  from 
pterygoid,  and,  pos¬ 
sibly,  the  ti’ansverse 
bone. 

pal.  Palatine. 


max.  Maxillary. 
lac.  Lachi’ymal. 
p.f.  Pre-frontal. 

/.  Frontal. 
pt.f.  Post-frontal. 
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A  large  number  of  South  African  Reptiles  were  separated  by  Sir  PacnAUD  Owen 
from  the  Anomodontia,  in  1876,  to  form  the  order  Theriodontia.  In  several  genera 
the  dentition  is  of  the  Carnivorous  type,  and  the  teeth  were  regarded  as  making 
approximations  towards  those  of  Mammals.  The  order  comprised  Procolophon, 
which  makes  a  striking  resemblance  to  Hatteria  in  internal  structure  of  the  skull  b" 
and  in  simple  unvarying  conical  form  of  the  teeth  approximates  to  Pareiasaurus, 
though  the  teeth  are  never  serrated,  and  never  worn  down.  In  most  of  the 
Theriodont  genera  little  is  preserved  of  the  skull  beyond  the  characters  of  the  snout 
and  the  dentition,  which  are  well  seen  in  Lycosaurus,  Cynosuchus,  Tigrisuchus,  Cyno- 
draco,  Cynocliampsa,  and  Galcsaurus.  The  chief  character  in  the  majority  of  these 
genera,  which  necessarily  distinguishes  them  from  Procolophon ,  is  the  development 
of  a  pair  of  tusks  in  the  position  of  canine  teeth.  But  this  attribute  has  already 
been  found  to  characterize  the  Dicynodontia,  in  which,  however,  there  are  no  other 
teeth  developed.  The  value  of  the  character  in  classification  is  unknown,  and 
Sir  R.  Owen  has  suggested  that  the  toothless  animals  named  Oudenodon  may 
possibly  be  the  females  of  Dicynodon.  The  only  difference  of  character  in  these  teeth 
in  Theriodonts  is  that  their  margins  are  serrate,  and  that  the  serration  extended,  in 
some  degree,  to  all  the  teeth.  But  in  Paremsaurus  and  Anthodon  the  serration  is 
well  developed,  without  any  indication  of  canine  teeth ;  while  in  GalcsauruR  it  is 
reduced  to  a  lateral  notch  or  two,  dividing  the  crown  in  the  molar  region  into 
denticles.  In  some  genera  the  incisor  teeth  are  large  and  the  molar  teeth  very  small. 
Other  characters  of  the  order  have  been  defined  by  Sir  R.  Owen  in  communications 
to  the  Geological  Society.  In  a  memoir  on  Cynodraco,\  the  canine  teeth  are  compared 
to  those  of  Machairodus,  while  the  toothless  interval  which  separates  the  canines 
from  the  lower  incisors  is  found  in  the  Marsupial  genus  Didelphis.  In  the  humerus 
of  Cynodraco  there  is  a  canal  crossed  by  a  bridge  of  bone  at  some  distance  above  the 
distal  condyle,  on  the  internal  and  inferior  aspect  of  the  bone.  This  character  is 
regarded  as  a  characteristic  of  the  Feline  family  of  Carnivora.  A  similar  canal  is 
found  in  the  humerus  of  Seals,  of  Insectivora,  of  Edentates,  and  Marsupials.  This 
humerus  (Brit.  Mus.,  No.  47,910)  is  about  27  centims.  long,  and  on  its  external 
border,  at  about  10  centims.  from  the  distal  end,  I  find  evidence  of  a  second  foramen, 
much  smaller  than  that  upon  the  opposite  side,  which  might  be  easily  overlooked, 
since  it  has  not  been  excavated  by  the  Museum  “  masons.”  It  is  about  6  millims.  in 
diameter,  and  appears  to  pass  obliquely  downward  through  the  bone.  I  have  no 
doubt  that  this  second  foramen  is  homologous  with  the  similarly  placed  foramen  in 
the  humerus  of  Hatteina ;  but,  while  its  occurrence  parallels  the  humerus  with  the 
Rhynchocephalian  tj^pe,  the  correspondence  is  not  less  close,  in  this  respect,  with  the 
Edentate  Cyclothurus.  Humeral  bones  of  Dicynodor.ts  are  often  broken  in  the 
slender  part  of  the  shaft  in  which  the  foramina  are  present  ;  and  a  fragment  may 

*  “  On  new  species  of  Frocolopion,  &c.,”  ‘  Geol.  Soc.  Quart,  Jonrn.,’  vol.  34. 

t  ‘  Geol.  Soc.  Quart.  Jonrn.,’  vol.  32,  1870. 
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show  one  foramen  without  indicating  the  other.  There  is  no  reason  to  suppose  that 
all  Anomodonts  have  a  radial  as  well  as  an  ulnar  foramen,  for  the  external  foramen 
is  certainly  absent  in  Galesaurus  ;  but,  when  only  one  foramen  is  seen,  its  direction 
appeal's  to  be  transverse,  and  it  passes  obliquely  from  the  ulnar  to  the  radial  side. 
On  referring  to  drawings  which  I  made  in  the  Senckenberg  Museum,  at  Frankfort-on- 
the-Main,  in  1878,  of  some  fragments  of  humeri  which  were  described  by  voN  Meyer, 
and  have  since  been  regarded  as  European  Theriodonts  by  Sir  Pt.  Owen,  I  find  both 
foramina  present,  though  the  radial  foramen  is  relatively  small  in  Brithopus. 

The  ecto-pterygoid  bone  is  stated  by  Sir  R.  Owen  to  cease  to  exist  in  both 
Theriodonts  and  Dicynodonts ;  and  this  bone  never  reappears  in  the  Mammalian 
series.  But  two  specimens  in  the  British  Museum  suggest  doubt  whether  the  bone 
is  absent,  or  hidden  by  the  pterygoid.  Sir  R.  Owen  also  finds  in  Iguanodon, 
Scelidosaurus,  and  Pm'eiasaurus  dental  characters  which  reappear  in  certain 
Mammalia,  such  as  the  Sloth  and  Kangaroo.  He  finds  the  number  of  incisors  in 
these  fossil  Reptiles  to  be  closely  comparable  with  Marsupials.  Thus,  Didelphis  and 

Cy nodraco  have  the  formula  i  -r^  ;  and  in  Thylacinus,  Sarcophilus,  and  Cynochampsa 

■i  ,  4 

.  .4.4 

it  IS  ^  ' 

o .  6 

This  memoir  was  succeeded  by  two  papers*  upon  Platijpodosaurus  rohustus.  The 
vertebrae  are  said  to  differ  from  those  of  Kistece2)halus  and  Anthodon  in  the  less  depth 
of  the  terminal  concavities,  in  which  character  they  approach  Dicynodon  and  Ouden- 
odon;  but  among  the  Plesiosauria  this  character  is  very  variable,  and  seems  to  me  a 
specific  rather  than  a  generic  difference.  The  author  compares  this  vertebral  condi¬ 
tion  to  that  found  in  Echidna,  but  I  do  not  find  the  resemblance  close  enouD-h  for 
comparison.  An  element  of  the  sternum  is  recognized  as  the  foremost  sterneber,  and 
identified  with  the  first  sternal  element  in  Ornituorhynchus  and  the  sternum  of 
modern  Lizards ;  and  this  bone  is  inferred  to  have  been  one  of  a  series  such  as  is" 
present  in  Chameleons  and  Bkinks.  Its  upper  border  is  thought  to  have  joined  the 
coracoid,  as  in  Monotremes,  while  its  lower  border  may  have  given  attachment  to 
sternal  ribs.  The  scapula  is  intermediate  between  that  attributed  to  Dicynodon  and 
the  scajiula  of  Kisteceplialus.  The  nearest  resemblance  to  the  humerus  is  found  in 
Ornithorhynchus  and  Echidna,  On  the  digits  it  is  remarked  that  the  ungual 
phalanges,  though  relatively  shorter,  have  more  the  proportions  of  those  of  Echidna 
than  of  Ornithorhynchus.  What  remains  of  the  femur  is  compared  with  the  proximal 
part  of  the  bone  in  Echidna.  The  sacrum  is  said  to  be  more  Mammalian  than  that  of 
Dicynodon,  and  to  come  nearer  in  shape  -  to  the  Megatherioid  Mammals.  The 
hlammalian  character  is  considered  to  be  mai'ked  by  the  breadth  of  the  iliac  bones, 
and  the  extent  of  the  confluence  of  the  similarly  expanded  ischia  and  pubes,  and  by 
their  confluence  at  the  ischio-pubic  symphysis. 

*  ‘  Geot  Soc.  Quart.  Journ.,’  vol.  oG,  p.  414,  1880;  and  vol.  37,  p.  266,  1881. 


AKI)  CLASSIFICATION  OF  THE  FOSSIL  KEPTILIA. 


225 


Subsequently,^'  Sir  R.  Owen  urged  that  the  Theriodont  dentition  was  monophy- 
odont,  and  he  proposed  to  include  in  the  order  the  European  genera  Britliopus, 
O)‘thopus,  Rhopalodon,  Deutcrosaurus,  &c.,  which,  so  far  as  the  dental  characters  are 
known,  have  very  strong  incisor  teeth.  But  no  evidence  has  yet  been  adduced,  eitliei- 
in  the  skull  or  in  the  skeleton,  that  Theriodonts  differ  from  Anomodonts  as  an  ordinal 
group.  For  the  value  of  the  teeth  as  an  ordinal  character  is  small  when  so  little 
specialized  ;  and  the  skull  shows  few  differences  in  plan. 

The  Structure  of  the  Skull.  (Plate  9,  fig.  1.) 

The  only  region  of  the  skull  which  is  at  present  undescribed  is  the  brain-case. 
There  are  four  specimens  in  the  British  Museum  which  contiibute  evidence  as  to  its 
form  and  structure.  There  is  also  some  reason  to  believe  that  in  certain  Dicynodonts 
the  brain-case  was  very  imperfectly  ossified.  A  small  skull  divided  vertically,  which  is 
partly  figured  by  Sir  R.  Owen  (‘  South  African  Catalogue,’  Plate  XXVIII. ,  fig.  4),  gives 
no  indication  of  a  defined  cerebral  cavity.  A  similar  skull,  selected  for  its  symmetry, 
and  divided  in  the  same  way  at  my  request,  is  equally  free  from  evidence  of  a  roof  to 
the  brain -case,  though  part  of  its  floor  is  preserved.  I  am  indebted  to  Dr.  Henry 
Woodward,  F.R.S.,  for  having  these  joreparations  made,  and  to  Mr.  Hall,  the 
mason,  for  the  skill  with  which  the  section  was  kept  to  the  median  line.  The  oniy  bones 
shown  in  section  (Plate  9,  fig.  1)  are  the  anchylosed  basi-occipital  and  basi-sjohenoid 
at  the  back  of  the  head,  and  the  pre-maxillary  and  dentary  in  front.  The  basi-occipital 
{h.o.)  is  much  less  deej)  in  section  than  the  basi-sphenoid  (h.a.),  which  is  perforated  by  a 
somewhat  large  carotid  canal,  extending  downward  and  backward.  Anterior  to  this, 
the  posterior  part  of  the  bone  sends  a  short  process  downward  ;  and  the  middle  part 
sends  a  short  wide  process  upward.  From  its  anterior  corner  a  short  curve  of  faint 
narrow  marking,  which  is  not  bone,  extends  forward  and  upward.  A  faint  oblong 
mai'king  below  this  occupies  most  of  the  interval  between  the  basi-sphenoid  and  pre¬ 
maxillary,  and  might  correspond  to  the  vomer.  From  the  upper  border  of  the  foramen 
magnum  a  line  extends  inward  parallel  to  the  basi-occipital.  It  is  succeeded  by  a  large 
oval  mass  defined  in  the  same  way  by  a  sharp  line.  Upon  this,  and  partly  in  front  of 
it,  is  another  oval  mass,  from  which  a  thickish  band  is  prolonged  towards  the  nasal 
aperture.  These  outlines  are  in  the  position  which  the  brain  should  occupy ;  but 
other  evidence  of  the  form  of  the  brain  does  not  lead  me  to  suppose  that  the  brain 
substance  has  been  preserved.  Thei’e  is  no  reason  for  believing  that  the  brain  had 
this  form  or  extended  so  far  forward  4n  a  Dicynodont,  though  it  certainly  extended 
obliquely  upward  in  the  same  way  as  do  these  markings.  In  the  other  half  of  the 
specimen  the  united  basi-occipital  and  basi-sphenoid  are  cut  slightly  on  one  side  of  the 
median  line,  and  here  the  superior  surface  is  nearly  straight  and  the  basi-sphenoid  is 
rounded  in  front  (Plate  9,  fig.  2).  There  is  no  trace  of  the  pterygoid,  which  in  all  other 
*  “  On  the  Order  Tlieriodontia,”  ‘  Geol.  Soc.  Quart.  Jonrn.,’  vol.  37,  p.  261. 
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specimens  is  in  contact  with  the  basi-sphenoid.  I  am  not  aware  of  any  circumstance 
which  would  account  for  the  absence  of  the  missing  bones,  except  an  original  delicacy 
of  texture  or  absence  of  ossification,  which  favoured  their  removal ;  but  such  conditions 
are  not  found  in  any  larger  skulls.  It  might,  however,  be  characteristic  of  young- 
individuals,  and  indicate  this  skull  to  belong  to  a  young  animal,  but  the  form  of  the 
head  is  that  of  a  new  species. 

The  Occipital  Plate.  (Plate  10,  figs.  1,2.) 

There  exists  in  the  British  Museum  a  detached  occipital  plate  from  a  Dicynodont 

li 

skull,  which  is  registered  as  ai^d  appears  to  belong  to  an  undescribed  species.  It 

is  about  8  centims.  wide  by  6 ‘5  centims.  high,  thin  and  rounded  on  the  contour  of 
the  upper  half,  and  thicker  and  notched  on  the  lower  half.  The  plate  is  flattened  on 
the  posterior  aspect  (fig.  1),  but  more  convex  on  the  anterior  face  (fig.  2).  The 
greatest  antero-posterior  measurement  through  the  occipital  condyle  is  3  centims.  The 
condyle  is  remarkable  for  its  large  size,  subquadrate  form,  slight  posterior  extension 
beyond  the  surrounding  bone,  and  subcentral  position  upon  the  occipital  plate.  It 
measures  2 ‘5  centims.  wide,  over  the  ex-occipital  elements,  which  are  subtriangular  or 
subovate  convexities,  and  make  the  wide  upper  part  of  the  condyle,  the  lower  part  being- 
made  by  the  basi-occipital,  which  has  an  unusually  large  condylar  surface,  2  centims. 
wide,  and  transversely  ovate.  The  vertical  depth  of  the  condyle  is  1‘6  centira.  Its 
contour  is  concave  superiorly  at  the  foramen  magnum,  with  a  parallel  convex  inferior 
margin,  and  small  lateral  concavities  between  the  ex-occipital  and  basi-occipital 
elements.  Its  ex-occipital  extension  posteriorly  does  not  exceed  6  millims.,  while  that 
of  the  basi-occipital  is  only  half  as  much.  There  is  a  saddle-shaped  concavity  on  the 
inferior  margin  of  the  plate  below  the  basi-occipital ;  it  is  concave  from  side  to  side, 
convex  from  behind  forward  and  downward,  and  partly  divides  the  two  hyp-apophyses 
below  the  occipital  region,  which  are  here  shorter  than  usual.  These  processes  are 
convex  from  side  to  side,  and  I'S  centim.  wide.  A  delicate  line  descends  down  the 
middle  of  eacli  process,  coming  from  the  outer  side  of  the  basi-occipital  portion  of  the 
condyle,  and  this  line  I  regard  as  the  suture  between  the  basi-occipital  and  ex-occipital 
bones.  The  width  of  the  basi-occipital  at  the  inferior  termination  of  these  diverging 
sutures  is  2-7  centims.  External  to  the  ex-occipital  element  in  the  condyle,  and  hidden 
beneath  its  transverse  expansion,  is  the  usual  perforation  for  the  vagus  nerve,  which 
extends  obliquely  inward  and  upward. 

Tlie  middle  part  of  the  occipital  plate  appears  to  be  formed  by  the  ex-occipital  bones. 
The  foramen  magnum  is  I'Z  centim.  high,  and  El  centim.  wide  at  the  base,  -with  the 
sides  converging  slightly  upward,  and  arcliing  together  above.  At  6  millims.  above 
the  floor  of  the  foramen  on  each  side,  a  delicate  suture  diverges  outAvard  and  upward. 
I  regard  it  as  separating  the  supra-occipital  and  ex-occipital.  The  outwaard  extremities 
of  the  sutures  are  8  centims.  apart,  so  that  this  is  the  width  of  the  supra-occipital. 
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That  bone  forms  the  npper  two-thirds  of  the  foramen  magnum,  and  its  height  above 
the  foramen  is  3  centims.  At  the  middle  of  the  superior  border  there  is  a  median 
depression  of  the  usual  V-shape,  but  shallow  and  wide.  On  the  anterior  aspect  (fig.  2) 
there  are  sutural  lines  somewhat  undulating  but  nearly  horizontal,  and  about  2  cen¬ 
tims.  below  the  superior  margin  of  the  plate,  showing  that  the  ex-occipital  bones  are 
overlapped  externally  by  the  supra-occipital ;  and  this  circumstance  may  account  for 
the  larger  dimensions  of  the  ex-occipital  bones  in  the  external  surfaces  figured  by 
Sir  R.  Owen. 

A  transverse  suture  appears  to  extend  outward  from  the  hyp-apophysis  over  the 
lateral  notch  external  to  it,  separating  an  anterior  plate  of  bone  wliich  rests  upon  the 
ex-occipital,  and  would  meet  the  basi-occipital  internally,  forming  the  posterior  w^all  of 
a  canal  which  descends  oblicpiely  outward  and  downward  from  the  sphenoidal  region. 
This  ossification  enters  into  the  transverse  ex-occipital  process  termed  by  Owen  par- 
occipital,  but  I  cannot  trace  it  superiorly.  In  Dicynodon  lacertice'ps  the  left  hyp-apo¬ 
physis  shows  a  tripai’tite  structure,  and  the  outer  anterior  element  I  regard  as  the  same 
a,s  the  imperfectly  indicated  ossification  just  described.  It  is  obviously  in  the  position  of 
the  opisth-otic  bone.  It  must  meet  the  basi-sphenoid  if  it  is  not  an  extension  of  that 
bone  ;  and  its  relations  posteriorly  with  the  ex-occipital,  and  internally  with  the  basi- 
occipital,  its  combining  with  those  bones  in  several  other  specimens  to  form  an  articular 
cup  for  the  malleus,  which  bone  extemls  transversely  outward  to  the  quadrate,  favour 
its  identification  as  an  otic  bone.  It  is  possible  that  the  thickened  smooth  convex 
surface  which  extends  upward  in  this  specimen  from  the  sphenoidal  region  on  each 
side,  anteriorly  to  the  foramen  magnum,  may  be  the  squamous  extension  of  the  pro- 
otic  bone.  The  body  of  the  sphenoid  is  broken  away,  leaving  a  rough  triangular 
surface  with  concave  sides,  which  is  less  than  1  centim.  wide  superiorly,  3' 3  centims. 
■wide  at  the  base,  and  3  centims.  in  vertical  depth. 

Above  this  fracture  the  anterior  aspect  of  the  specimen  shows  a  portion  of  the 
posterior  walls  of  the  brain-case,  which  has  a  high  subtriangular  outline.  The 
foramen  magnum  is  filled  with  matrix.  In  front  of  it  the  cerebral  cavity  expands 
vertically  to  a  height  of  3  centims.  ;  and  the  transverse  width  increases,  towards  the 
base  of  the  foramen,  to  about  2  centims.  ;  but  its  lateral  border  is  undefined  in  the 
middle  for  1  A,  centim.,  because  the  internal  wall  of  the  cerebral  chamber  rounds 
convexly  into  the  lateral  external  surface  of  the  ex-occipital  boundary  of  the  temporal 
vacuity  in  a  way  which  indicates  the  absence  of  bone  and  the  existence  of  a  vertical 
vacuity  in  the  cranial  wall,  which  I  regard  as  that  of  the  fifth  and  optic  nerves.  The 
lateral  walls  of  the  cerebral  chamber  here  exposed  are  flattened  and  oblicjue,  so  as  to 
converge  backward  toward  the  foramen  magnum,  and  upward.  Superiorly  the  sides 
round  into  a  slightly  flattened  convex  surface,  which  is  inclined  downward  and 
backward  to  the  foramen  magnum.  At  the  base,  the  brain-case  appears  to  sink  into 
a  depression  in  the  line  of  the  basi-occipital  bone,  but  this  may  be  the  result  of 
development  with  the  chisel.  Superiorly  two  diverging  processes,  like  the  forks  of  an 
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inverted  V,  descend  over  the  summit  of  the  chamber  and  give  attachment  to  a  hone 
which,  if  the  constituents  of  the  occipital  plate  are  correctly  determined,  should 
theoretically  he  the  inter-parietal.  At  the  inferior  outer  angle  of  the  chamber  there  is 
a  bony  prominence  on  each  side,  which  defines  a  notch  like  the  outlet  for  a  nerve 
which  should  give  attachment  to  the  ali-sphenoid  bone. 


A  Specimen  showing  the  Relative  Height  of  the  Cerebral  Chamber.  (Plate  10,  fig.  3.) 

Similar  evidence  as  to  the  form  of  the  back  part  of  the  cerebral  chamber  is  seen  in 
the  British  Museum  specimen  47,056,  described  in  the  South  African  Catalogue, 
No.  80,  as  Dicynodon  leoniceps.  It  may,  perhaps,  be  another  species,  for,  though  it 
resembles  that  type  in  the  form  of  the  face,  the  head  is  relatively  shorter,  and  the 
palatal  characters,  in  so  far  as  exposed,  are  more  like  those  of  Dicynodon  pardicep>s. 
In  this  skull,  which  is  32  centims.  long  as  preserved,  the  bones  of  the  occipital  plate 
hove  been  broken  away,  exposing  a  natural  cast  of  a  portion  of  the  posterior  aspect 
of  the  brain  cavity,  which  is  8  centims.  high.  The  mould  is  inclined  obliquely 
forward,  and  its  straight  posterior  contour  makes  an  angle  of  60^  with  the  horizontal 
plane  of  the  frontal  region  produced.  The  base  of  the  foramen  magnum  is  2  centims. 
wide,  and  at  about  this  height  from  its  floor  the  mould  of  the  cerebral  chamber 
expands  a  little  transversely,  giving  a  convexity  to  the  lower  part  of  the  side,  and  it 
contracts  superiorly  to  less  than  half  its  width  at  the  summit.  The  inclined  sides 
diverge  outward  as  they  extend  forward,  and,  as  far  as  exposed,  they  are  flattened. 
The  straight  posterior  contour  is  rounded  convexly  from  side  to  side,  like  the  surface 
of  a  segment  of  a  cone.  In  every  respect  the  cerebral  characters  of  this  specimen  are 
absolutely  the  same  as  in  the  occipital  plate  just  described,  only  difiering  as  do  a  seal 
and  an  imjrression  from  it. 


Another  Specimen,  shoiving  part  of  the  Brain-case,  and  some  characters  of  the  Back  of 

the  Skull.  (Plate  11.) 

A  specimen  in  the  British  Museum,  numbered  II.  868,  apparently  indicates  a  new 
species,  distinguished  by  having  the  back  of  the  head  more  than  twice  as  wide  as 
high,  with  the  hyp-apophyses  close  together.  The  occipital  condyle  is  hemispherical. 
The  foramen  magnum  is  less  high  than  the  condyle  is  deep.  The  so-called  par- 
occipital  process  of  the  ex-occipital  is  wider  than  the  rest  of  the  bone.  The  sides  of 
the  narrow  bones  which  form  the  temporal  region  are  inclined  to  each  other  and 
parallel,  and  arch  high  above  the  descending  plate  of  the  squamosal.  The  back  of  the 
head  is  as  wide  as  in  Ptychognathus  latirostris,  but  the  form  of  the  temporal  region  is 
that  of  Dicynodon  leoniceps.  It  may  be  termed  Dicynodon  microtrema. 

The  brain-case  is  crushed  a  little  obliquely  downwards.  Its  base  is  formed  by  the 
anch3dosed  basi-occipital  and  basi-sphenoid,  and  the  basi-sphenoid  is  broken  trans 
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versely,  with  the  fracture  passing  through  the  internal  carotid  canal  (fig.  2).  This  canal 
opens  on  the  cerebral  surface  by  a  circular  foramen,  descends  vertically,  and  forks  in 
an  inverted  Y-shape,  so  as  to  have  lateral  external  openings  in  front  of  the  middle  of 
the  inferior  descending  hypapophyses.  So  much  of  the  base  of  the  brain-case  as  is 
seen  is  smooth  and  flat.  It  is  contracted  at  the  anterior  corners  by  lateral  tubercles, 
which  may  mark  the  Ihnit  of  the  cerebellum.  Behind  them  the  bones  enclose  a  sub- 
hemispherical  cavity,  which  is  1  '9  centim.  wide  and  about  as  high,  though  the  height 
is  probably  reduced  by  crushing.  The  anterior  border  of  this  cerebral  chamber  is 
smooth,  and  indicates  a  vertical  lateral  vacuity  in  the  skull.  The  ex-occipital  bones 
appear  to  extend  upward  and  forward  in  front  of  the  vacuity,  forming  a  concave  root 
to  the  back  of  the  brain,  but  giving  off  on  each  side  a  lateral  process  which  extends 
forward  beneath  the  so-called  supra-occipital  bone.  This  bone  (tig.  1)  is  small  on  the 
occipital  surface,  is  narrow,  divided  by  a  vertical  suture,  and  situate  high  above  the 
foramen  magnum,  has  only  a  linear  longitudinal  exposure  on  the  median  line  of  the 
roof  of  the  skull  (fig.  2),  and  extends  forward  beneath  the  spatulate  bones,  which  have 
commonly  been  regarded  as  the  parietals.  The  height  of  the  brain-case  where  the 
ex-occipital  bones  terminate  in  front  is  2‘7  centims.  And  then  the  (?)  supra-occipital 
bone  comes  into  the  roof  of  the  cerebral  chamber  anteriorly,  without  increasing  its 
width,  so  that  the  transverse  measurement  of  the  bones,  with  the  median  longi¬ 
tudinal  interspace  which  divides  them,  remains  1'6  centim.  The  bone  forms  two 
distinct  parallel  plates,  which  are  subtriangular,  compressed  laterally,  and  at  the 
anterior  fracture  are  1’7  centim.  high,  with  the  internal  surfaces  vertical  and  parallel, 
and  divided  by  a  space  7  millims.  wade,  which  is  narrower  at  the  superior  border, 
where  a  strip  of  the  supra-occipital,  2  millims.  wide  anteriorly,  and  5  millims.  wade 
posteriorly,  is  exposed.  The  width  of  the  bones  posteriorly  at  the  summit  of  the 
occipital  plate  is  about  1'5  centim.,  increasing  suddenly  below  the  median  posterior 
groove  to  2 ’5  centims.  Their  height  above  the  occipital  condyle,  posteriorly,  exceeds 
3  centims.  It  is  impossible  not  to  recall  the  deso’iption  of  Loxomma  given  by  Dr. 
Embleton  and  Mr  Atthey*  in  relation  to  these  bones.  They  remark,  “  The  upper 
border  of  the  occipital  -surface  is  also  the  posterior  border  of  the  middle  part  of  the 
skull.”  “  It  is  formed  externally  by  the  mastoids,  and  between  them  by  a  pair  of  bones 
corresponding  to  those  which,  in  Ai'chegosaurus,  are  called  by  von  Meyer  .  .  .  supra- 
occipitals.  Immediately  below  this  border  runs  a  transverse  line  of  suture  connecting 
the  bones  forming  the  border  with  those  beneath  it,  namely,  next  the  median  line  with 
the  single,  and,  as  we  deem  it,  the  true  supra-occipital,  and  laterally  with  the  ex- 
occipitals.  The  supra-occipital  is  of  a  subtriangular  form,  wider  from  side  to  side  than 
from  above  downwards,  and  situated  on  the  median  line.  It  is  doubtful  whether  or 
not  the  median  suture  passes  through  it.  Below,  it  articulates  with  the  ex-occipital s.” 

When  the  external  surface  of  the  specimen  Pt.  1021  is  compared  with  the  corre¬ 
sponding  portion  of  B.  868  there  is  a  close  resemblance,  though  the  latter  shows  the 

*  ‘  Ann.  ]\Iag.  Nat.  Hist.,’  July,  1874,  p.  50. 
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squamosal  bone  on  its  external  boi’der,  and  two  pairs  of  bones  on  its  superior  border. 
And  since  ilie  sutures  in  this  occipital  plate  are  obliterated  between  the  basi-occipital 
and  ex-occipital  bones,  there  is  an  a  'priori  probability  that  they  would  be  obliterated 
between  the  ex-occipitals  and  the  supra-occipital,  and,  therefore,  that  the  composition 
of  the  occipital  plate  in  R.  868  may  have  originally  been  the  same  as  in  R.  1021,  so 
that  the  supra-occipital  would  enter  into  its  foramen  magnum.  Hence,  there  is  some 
ground  for  supposing  that  the  pair  of  distinct  bones  which  surmounts  the  occipital 
plate  is  a  pair  of  inter-parietal  bones,  with  an  immense  antero-posterior  extension. 
A  pair  of  bones  behind  the  parietals  has  been  figured  by  Professor  Feitsch^  in  many 
genera  of  Labyrinthodontia,  so  that  they  would  seem  to  characterize  that  order ; 
but  the  small  size  of  his  specimens  and  their  flattened  condition  would  be  unfavour¬ 
able  for  the  identification  of  a  supi’a-occipital  bone  below  them,  if  it  exists,  and  these 
bones,  if  distinct  from  the  supra-occipital,  would  also  be  inter-parietal. 

The  bone  which  flanks  the  inter-parietal  in  Loxomma  is  termed  by  Dr.  Embleton, 
mastoid  ;  and  is  the  e):)i-otic  of  Dr.  Feitsch,  though  this  determination  has  been 
questioned. 

It  is  well  seen  at  the  side  of  the  skull  of  R.  868  as  a  broad  plate  of  bone,  which 
extends  between  the  inter-parietal  and  the  squamosal,  and  rests  upon  the  supra- 
occipital  part  of  the  occipital  plate,  so  that  in  plan  of  construction  of  this  region  of 
the  skull  there  is  a  close  approximation  to  the  Labyrinthodont  type,  which,  in  so  far 
as  I  can  judge  from  Mr.  Maw’s  specimen  of  Loxomma  in  the  British  Museum,  has  a 
vertical  occipital  region. 

The  transverse  extent  of  this  {V)  epi-ofic  bone  is  4  centims.  in  R.  868  ;  its  position 
is  oblique,  and  its  breadth  about  1'5  centim.  In  other  species  the  position  of  this 
bone  is  different ;  in  Dicynodon  leoniceps  it  appears  to  descend  obliquely  downward, 
outward,  and  backward.  In  Dicynodon  tigriceps  its  development  appears  to  be 
greater  upon  the  roof  of  the  skull,  Avhere  it  seems  to  me  to  overlap  the  parietal  bone, 
and  to  be  defined  by  difference  of  colour  of  the  bone,  and  a  convex  sutural  border 
which  allovvs  the  undivided  parietal  to  extend  back  between  the  epi-otic  bones. 

The  epi-otic  bones  are  in  contact  with  the  pair  of  remarkable  bones  which  form  the 
roof  of  the  temporal  region  of  the  skull.  These  bones  are  each  about  1‘8  centim. 
Avlde,  somewhat  inclined  towards  each  other  so  as  to  look  upward  and  outward,  Avith 
the  surface  slightly  convex  from  within  outward,  and  the  external  margin,  aaIucIi 
projects  well  beyond  the  inter-parietal,  is  well  rounded.  The  anterior  fracture  shows 
the  thin  blade-like  substance  of  the  bone.  Its  sides  are  sub-parallel,  except  that 
posteriorly  it  diverges  outAvard  and  dowiiAvard,  so  as  to  rest  on  each  side  upon  the 
margin  of  the  epi-otic.  These  bones  have  usually  been  regarded  as  the  parietals.  But 
they  appear  probably  to  be  distinct  plates,  Avhich  are  developed  in  the  position  Avhere 
the  muscles  which  AAnrk  the  lower  jaw  are  attached.  In  Dicynodon  leoniceps  these 
bones,  Avhich  have  a  similar  smooth  oblique  surface,  are  20  centims.  long  and  3  centims. 

*  ‘  Fauna  der  Gaskolile  nnd  der  Kalk.steiiie  der  Peraifovmation  Bdliinen.s.’ 
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wide.  They  diverge  but  little  posteriorly,  and  on  tlie  inner  side  appear  to  show  well 
defined  sutures  separating’  them  from  the  bone  beneath,  which  would  necessarily  be 
the  inter-parietal.  The  bones  diverge  anteriorly  to  disclose  the  parietal  foramen,  and 
appear  to  show  the  parietal  in  front  of  them,  as  they  open  in  a  V  shape.  I  regard 
the  lateral  suture  as  following  the  divarication  anteriorly  round  the  impressed 
muscular  area  to  the  post-frontal  bone.  In  the  genus  indicated  by  Dicynodon 
tiyriceps  their  development  is  different,  because  the  roof  of  the  skull  is  flat.  They 
are  narrow  concave  strips  of  bone  which  extend  round  the  margins  of  the  temporal 
vacuities,  so  as  to  display  the  parietal  bones  between  them. 

These  bones  seem  to  me  to  be  called  into  existence  by  the  muscular  attachment, 
and  they  may  correspond  to  the  parietals  of  higher  Vertebrates,  where  the  single 
rieptilian  parietal  probably  becomes  absorbed. 

Turning  to  the  base  of  the  specimen  H.  86H,  the  basi-occipital  and  basi-sphenoid 
are  seen  to  be  anchylosed  together.  The  union  is  marked  by  a  transverse  ridge, 
behind  which  the  basi-occipital  extends  for  Iff  centim.  The  combined  bones  are 
produced  downward  and  outward  into  two  strong  processes,  divided  by  a  longitudinal 
median  channel.  The  extremity  of  each  process  forms  a  large  concave  articular  facet, 
which  looks  outward  and  downward,  and  is  somewhat  heart-shaped,  and  about 
I'D  centim.  wide.  I  regard  this  surface  as  having  given  attachment  to  a  bone,  the 
mastoid,  which  extended  transversely  outward  to  the  squamosal  and  quadrate,  as  in 
D.  Ictcerticeps  and  other  specimens.  .A  large  hemispherical  cavity  which  is  opposite 
to  it  in  the  squamosal  bone,  is  2  centims.  wide,  and  looks  forward  and  downward,  may 
have  given  partial  attachment  to  its  other  end.  The  distance  between  these  surfaces 
for  the  malleus  is  about  4 ’5  centims. 

The  squamosal  bone  is  a  large  vertical  plate,  which  forms  the  whole  of  the  lateral 
expansion  of  the  back  of  the  head,  external  to  the  occipital  plate  (fig.  1).  It  is  6  centims. 
wide  on  the  anterior  aspect,  and  5  centims.  wide  in  the  middle,  posteriorly.  It  is 
8  centims.  high.  The  bone  becomes  compressed  as  it  extends  downward  and  outward, 
so  as  to  form  a  support  for  the  quadrate  bone,  which  was  placed  in  front  of  its  distal 
end,  as  in  D.  leoniceps  and  other  species,  though  the  bone  is  lost  from  this  example, 
as  in  D.  ]jardiceps,  D.  tigriceps,  and  other  species.  An  impressed  surface  which 
received  it  is  but  slightly  indented,  so  that  the  attachment  was  loose  and  squamous. 
The  main  portion  of  the  squamosal  bone  extends  the  plane  of  the  ex-occipital  outward, 
and  its  external  border  descends  in  a  curve  which  is  at  first  concave  and  then  convex, 
so  that  the  bone  widens  as  it  extends  distally.  Superiorly  it  sends  a  few  sutural 
processes  inward  over  the  ex-occipital,  and  it  extends  in  front  of  that  bone  anteriorly. 
Its  transverse  superior  contour  is  concave.  From  the  outer  upper  angle  a  greatly 
compressed  and  oblique  bar  is  given  off’,  which  extends  forward  to  form  the  external 
border  of  the  temporal  foss,  though  it  is  fractured  (fig.  2),  and  tlie  foss  is  not  defined 
in  this  specimen. 

It  may  be  worth  recording  that  the  thickness  of  the  occipital  plate  suddenlv 
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increases  from  8  millims.  to  2  centims.  in  passing-  inward  to  form  the  thickened  wall  of 
the  cerebral  cliamher.  There  is  some  indication  tliat  this  thickening  may  be  due  to 
another  bone,  the  pro-otic,  resting  in  front  of  the  ex-occipital,  with  which  it  is  no^^' 
closely  blended,  for  a  transverse  fracture  on  the  right  side  appears  to  show  a  nearly 
obliterated  suture,  which  extends  upward  from  the  articular  cup  in  the  hypapophysis  over 
the  lateral  plate  by  an  oblique  chanjiel  which  coincides  with  the  thickening  of  the  plate. 


The  Bach  of  a  Skull  ivhich  shoivs  the  whole  of  Brain-case  and  the  Relation  of  the 
Quadrate  Bone  to  the  Pterygoid  and  Squamosal.  (Plate  12.) 

The  British  Museum  specimen  (B.  866)  comprises  much  of  the  back  of  a  skull 
posterior  to  the  parietal  foramen,  and  indicates  a  new  species.  The  squamosal  bones 
are  directed  backward,  so  that  the  part  of  the  squamosal  and  occipital  plate  which  is 
anterior  in  the  last  specimen  is  lateral  in  this.  Tlie  scjuamosal  bone  has  its  vertical 
contour  convex  posteriorly,  and  concave  distally.  The  transverse  extension  of  the 
bone  extends  vertically  above  the  level  of  the  post-parietal  region  of  the  brain-case, 
which  is  convex  in  length  as  well  as  transversely.  The  quadrate  bone  passes  under 
an  arch  in  the  squamosal,  so  that  its  posterior  and  articular  part  is  hidden  under  that 
bone.  The  pterygoid  bone  is  vertically  compressed  posteriorly,  so  as  to  form  a  sharp 
ridge  on  the  palate.  The  bones  above  the  brain-case  form  a  narrow  vertical  plate 
which  expands  transversely.  In  this  species  the  atlas  and  axis  are  anchylosed. 
Every  character  separates  it  from  the  other  described  species.  It  may  be  named 
Dicynodoji  [Tropidostoma)  Dunnii. 

The  squamosal  plates,  which  diverge  backward  and  outward,  are  remarkably  convex 
from  above  downward.  They  approximate  superiorly,  so  that  the  transverse  width 
over  the  middle  of  the  concavities  in  which  they  terminate  is  a  little  over  5  centims. 
Posteriorly  their  mutually  inclined  surfaces  are  separated  by  a  wedge-shaped  vacuity, 
which  is  2-|  centims.  wide  superiorly,  and  extends  forward  between  the  roof  bones  of  the 
skull  for  more  than  5  centims.  (fig.  4),  becoming  a  mere  groove  in  front  (fig.  1)  which 
can  be  traced  along  the  median  suture.  The  transverse  width  posteriorly  in  the  middle 
height  of  the  squamosals  is  over  11  centims.,  while  the  measurement  over  the  articu¬ 
lation  for  the  lower  jaw  is  7  centims.  Hence  the  squamosal  bones  enclose  an  oval 
basin-shaped  excavation  at  the  back  of  the  head,  where  the  atlas  and  axis  and  suc¬ 
ceeding  cervical  vertebrre  are  attached.  The  specimen  gives  no  indication  of  post¬ 
mortem  compression.  The  condition  of  the  quadrate  bone  is  unusual.  It  commonly 
lies  in  front  of  the  distal  end  of  the  squamosal  bone,  and  forms  a  flattened  wedge, 
convex  on  its  superior  border,  concave  posteriorly  ;  here  it  contracts  distally  to  form 
the  long  nariow  ovate  convex  condyle,  which  is  directed  oblicjuely  forward,  and 
crossed  by  a  slight  longitudinal  groove.  Each  condyle  is  about  3  centims.  long 
(though  the  left  appears  to  be  slightly  shorter),  and  anteriorly  measures  1-3  centim. 
transversely.  The  condyles  are  entirely  hidden  from  side  view  by  the  squamosal 
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bones.  A  deep  groove  separates  these  two  bones  ;  and,  on  the  inner  side  of  the 
condyle,  a  second  concavity  separates  the  articulation  from  the  small  malleus.  The 
external  lateral  aspect  of  the  quadrate  is  defined  from  the  squamosal  by  a  deep  horse¬ 
shoe-shaped  groove,  which  marks  posteriorly  the  limit  at  which  the  squamosal  over¬ 
laps  it  (fig.  2).  The  extreme  height  of  this  anterior  part  of  the  bone  is  5  centims. ;  its 
extreme  antero-posterior  extent  in  front  of  the  squamosal  and  above  its  short  ptery¬ 
goid  process  is  2 ‘5  centims.  The  squamosal  descends  in  front  of  it  as  a  slender 
process,  which  does  not  reach  down  to  the  pterygoid  process.  The  lateral  aspect  of 
the  quadrate  bone  is  divided  into  two  areas  by  an  oblique  ridge,  which  extends 
forward  and  upward  from  the  anterior  termination  of  the  condyle  articulation.  The 
superior  posterior  area  is  higher  than  wide,  flattened,  but  slightly  concave  vertically. 
The  inferior  wedge-shaped  area  looks  obliquely  downward,  outward,  and  forward,  'fhe 
pterygoid  process  is  about  1‘2  centim.  deep,  and  8  millims.  long,  and  about  6  millims. 
thick,  compressed  towards  the  inferior  and  superior  margins.  It  is  continuous  with 
the  quadrate  process  of  the  pterygoid,  from  which  it  is  divided  by  a  vertical  sut.ure. 
Posteriorly  the  quadrate  bone  passes  obliquely  through  the  squamosal  so  as  to  occujjV 
a  large  area  on  the  posterior  face  of  that  bone.  In  this  species  the  quadrate  bone  has 
a  general  resemblance  to  the  quadrate  of  Ichthyosaurus,  though  that  genus  does  not 
develop  a  pterygoid  process,  which  I  have  seen  in  no  other  Dicynodont.  In  Dicyn- 
odon  leoniceps  the  quadrate  bone  is  of  different  form,  and  has  no  extension  in  front 
of  its  condyles,  but  above  the  trochlear  end  it  rises  in  a  quarter  of  a  circle,  vertical 
externally,  and  convex  on  the  inner  border,  5^  centims.  high,  and  as  wide  as  high, 
just  above  the  articulation.  It  is  strong,  very  slightly  convex,  and  makes  an  angle  of 
nearly  45°  with  the  longitudinal  articulation.  Its  antero-posterior  thickness  above 
the  condyle  is  4^  centims.,  and  superiorly  the  posterior  surface,  which  was  contained 
within  the  squamosal  bone,  is  convex  from  behind,  upward  and  forward  toward  the 
sharp  superior  margin,  which,  as  preserved,  projects  forward  centim.  in  advance  of 
the  squamosal  bone.  Its  external  margin  appears  to  have  been  overlapped  and 
hidden,  as  in  all  the  other  species,  by  a  descending  squamosal  process. 

On  the  palatal  aspect  (fig.  3)  there  is  a  dee23  saddle-shaped  channel  over  the  two 
downwardly  directed  processes,  which  appear  to  be  formed  by  the  basi-occipital  and 
basi-sphenoid  bones,  which  is  very  convex  from  behind  forward,  because  the  processes 
converge  in  front.  Each  process  is  2-|  centims.  long,  and  has  a  long  ovate  form.  The 
transverse  measurement  over  them  is  less  than  3  centims.  On  the  outer  posterior 
side,  wedged  in  between  the  basi-occipital  part  of  the  process  and  the  quadrate  bone, 
is  a  relatively  small  ossification,  identical  with  that  which  I  have  recognized  in  other 
species  and  regard  as  the  malleus.  It  extends  obliquely  outward  and  backward.  Its 
surface  is  less  than  a  centimetre  square,  and  is  obliquely  convex  from  behind  forward. 
External  to  the  convex  sphenoido-occipital  processes  the  posterior  quadrate  bars  of 
the  pterygoid,  which  are  2‘5  centims.  long  and  about  1‘5  deep,  converge  forward  and 
inward.  They  do  not  extend  further  forward  than  the  processes  with  which  they  are 
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in  contact,  but  merge  in  the  median  mass  of  the  pterygoid,  which  is  3  centims,  deep 
and  1'7  centim.  wide,  with  convex  sides,  but  vertically  compressed  to  a  sharp  palatal 
ridge  and  a  similar  median  ridge  on  its  upper  surface.  The  mass  is  fractured 
vertically  in  front,  but  shows  no  trace  of  a  median  suture  (fig.  1).  The  median  blunt 
longitudinal  pterygoid  keel  distinguishes  this  species  from  all  others,  and  nothing 
could  be  less  like  the  expanded  horizontal  plates  which  the  pterygoid  bones  form 
in  other  Anomodonts. 

The  squamosal  bones  appear  to  have  a  considerable  lateral  extension  forward  in  the 
upper  part  of  the  wall  of  the  temporal  region  in  advance  of  the  origin  of  the  zygomatic 
process.  The  antero-posterior  measurement,  as  preserved,  from  the  middle  of  the 
convex  posterior  border  is  10  centims.  The  zygomatic  process,  which  is  directed  at 
first  obliquely  outward,  and  then  parallel  to  the  temporal  region  of  the  skull,  is  given 
olf  in  the  middle  of  the  width  of  the  bone  by  a  vertical  attachment  5  centims.  high  and 
fully  a  centimetre  wide,  which  becomes  narrower  superiorly  as  the  zygomatic  process 
thins.  Beneath  this  branch  the  lateral  contour  of  the  bone  is  convex  vertically  for 
3^  centims.  down  to  the  quadrate  bone  (fig.  2) ;  and  this  convexity  with  the  superior 
process  defines  the  posterior  vertical  concavity  in  the  bone,  which  increases  in  depth 
superiorly  as  this  part  of  the  bone  becomes  narrower.  Interiorly  the  concavity  is  lost. 
At  the  articulation  for  the  lower  jaw  the  squamosal  bone  appears  to  form  the  entire 
height  of  the  back  of  the  skull,  which  is  about  12  centims.  ;  but  distally,  where  it  rests 
upon  the  quadrate,  it  contracts  to  a  width  of  1'7  centim.,  and  both  the  anterior  and 
posterior  borders  of  the  descending  process  are  concave  for  a  length  of  about  3  centims. 
At  I  centim.  from  the  distal  end  there  is  a  transverse  suture,  and  an  ossification  is 
displaced,  which  is  1  centim.  deep,  2 A  centims.  from  back  to  front,  and  over  a  centi¬ 
metre  from  within  outward.  Its  distal  surface  appears  to  have  been  articular,  and  is 
convex  from  within  outward  and  gently  convex  from  front  to  back,  as  though  it 
formed  the  outer  half  of  the  condylar  articulation  for  the  lower  jaw.  There  is  a 
similar  transverse  division  on  the  left  side,  where  the  ossification  is  w  situ,  but  the 
outer  part  of  both  bones  is  there  broken  away.  In  its  relations  to  the  quadrate  and 
squamosal  this  ossification,  if  its  distinctness  is  established,  would  correspond  to  the 
quadrato-jugal  bone,  which  is  not  otherwise  seen  in  Anomodonts. 

The  part  of  the  squamosal  bone  which  is  anterior  to  the  zygomatic  process  is  about 
4  centims.  deep  posteriorly,  is  sub-triangular,  contracts  in  depth  anteriorly.  The  post- 
parietal  bones  rest  upon  it  superiorly,  and  it  is  in  contact  with  other  bones  in  front 
which  converge  forward  and  form  the  vertical  median  post-orbital  plate.  In  front  of 
the  delicate  process  which  extends  above  the  superior  border  of  the  quadrate  is  a 
foramen  from  which  a  concave  channel  extends  obliquely  upward,  over  a  sub- quadrate 
bone  3  centims.  high  and  as  wide,  which  lies  in  the  wall  of  the  brain  case,  widening  it 
transversely  above  the  quadrate  process  of  the  pterygoid,  which  is  itself  in  close 
contact  with  the  basi-sphenoid  bone  ;  So  that  its  position  is  that  of  the  ali-sphenoid 
bone,  or  pro-otic,  and  it  may  be  compared  with  the  thickened  plate  which  flanks  the 
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brain-case  in  the  previously-described  specimen  (Plate  10,  fig.  2).  The  transverse  width 
between  the  vertical  anterior  borders  of  these  bones  exceeds  2  centims.  Anterior  to 
them,  and  above  them,  the  median  vertical  plate  extends  forward.  It  is  1‘5  centim. 
wide  at  its  base,  which  is  concave  from  side  to  side,  straight,  and  ascends  forward  and 
upward.  At  the  anterior  fracture  the  plate  is  over  3  centims.  deep,  and  is  formed  of 
a  pair  of  lamellar  bones,  in  contact  in  the  median  line,  wuth  concave  external  sides,  so 
that  the  transverse  measurement  in  the  middle  is  only  6  millims.,  but  they  widen 
again  superiorly  to  I '.5  centim.  before  forming  the  transverse  lateral  expansions  like  the 
cross-piece  of  a  capital  T  (fig.  I). 

These  bones,  regarded  as  parietals,  are  in  contact,  inferiorly,  with  a  median 
bone  behind,  which  may  be  the  inter-parietal,  while  the  post-parietals,  which  appear  to 
cover  them  superiorly  and  posteriorly,  seem  to  terminate  at  about  the  anterior 
fracture  :  but  fractures  are  numerous,  a.nd  sutures  so  nearly  obliterated,  that  it  is 
difficult  to  determine  the  structure  with  certainty.  This  interpretation  would  bring 
the  parietal  bones  into  the  roof  of  the  cerebral  chamber  in  advance  of  the  inter¬ 
parietal,  with  a  narrow  concave  surface,  from  the  lateral  borders  of  which  bone  appears 
to  have  extended  downward,  so  as  to  define  a  vertical  vacuity  in  the  median  plate, 
thougli  the  descending  processes  are  broken  away. 

The  superior  surface  of  the  temporal  region  is  divided  by  a  well-marked  median 
suture,  which  becomes  wdder  posteriorly,  and  its  lateral  margins  are  prolonged  back¬ 
ward  in  a  V  form  to  the  posterior  extremity  of  the  squamosal,  though  the  level  of  this 
groove  is  much  below  that  of  the  external  zygomatic  bar,  from  which  it  is  separated 
by  a  deep  narrow  depression  Avhich  extends  downward  and  outward  over  the  convexity 
of  the  anterior  part  of  the  squamosal  bone.  Tire  jDostero-anterior  convexity  of  the 
tsmporal  region  ascends  in  vertical  position  as  it  extends  forward  and  diminishes  in 
transverse  breadth,  till,  at  about  4  centims.  behind  the  anterior  fracture,  it  merges  in 
the  transverse  ledge,  which  extends  outward  on  each  side  of  the  median  vertical  plate, 
and  as  it  curves  forward  it  comes  nearer  to  the  superior  surface  of  the  skull.  Seen 
from  above,  this  temporal  region  has  the  sides  sub-parallel ;  the  transverse  section 
posteriorly  is  half  a  circle,  about  3^  centims.  wide.  The  width  is  scarcely  diminished 
anteriorly,  but  the  convexity  diminishes,  until  at  the  anterior  fracture  it  is  replaced  by 
a  slight  mediah  concavity,  and  nothing  remains  of  the  convexity  but  the  rounded 
margins  of  the  transverse  plate,  which  is  less  than  half  a  centim.  thick  at  the  fracture, 
and  has  a  transverse  extension  outward  of  1  centim.  beyond  the  vertical  plate.  From 
back  to  front  this  superior  area  is  regularly  convex,  and  the  contour  probably  resembled 
that  of  Dicynodon  pardice2)s,  but  behind  the  convexity  there  is  a  slight  concavity 
along  the  outwardly  diverging  surfaces.  It  is  possible  that  the  anterior  extension  of 
the  inferior  part  of  this  brain-case  was  no  greater  than  in  the  specimen  previously 
described  (Plate  10,  fig.  2). 

Within  the  post-occipital  basin  the  remains  are  exposed  of  what  I  regard  as  an 
extremely  thin  plate  of  bone.  Its  vertical  extent,  from  the  side  of  the  axis  iqjward, 
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is  5g  centims.  It  is  over  2  centims.  wide,  of  a  ribbon-like  thickness,  and  curves 
convexly  outward,  like  the  squamosal  bone,  with  which  its  anterior  margin  may  be  in 
contact.  Its  position  is  suggestive  of  part  of  the  hyoid. 

The  cervical  vertebrae  of  this  specimen  are  described  under  the  vertebral  column. 

On  a  New  Skull  of  Dicynodon  tigriceps  (Owen)  showing  the  Sutures  of  the 
Pregmrietal  Surface.  (Plate  13.) 

In  the  larger  skulls  of  Anomodouts,  it  is  rare  to  find  the  sutures  between  the 
bones  distinctly  shown,  and  I  therefore  give  some  notice  of  a  specimen  in  the  Bain 
Collection,  hitherto  undetermined,  which  I  regard  as  the  anterior  part  of  the  skull  of 
Dicynodon  tigriceps.  It  is  slightly  distorted,  and  shows  some  difi'erences  of  character 
in  the  greater  depth  of  the  maxillary  bone,  in  the  more  anterior  direction  of  the 
great  tusk,  and,  apparently,  in  the  greater  prolongation  forward  of  the  pre-maxillary 
bones  to  form  the  cutting  edge  of  the  jaw.  These  characters  are  such  as  might  be 
expected  to  characterize  a  species,  but  they  are,  I  conceive,  such  as  might  vary  with 
age  ;  and  Mr.  Boulenger  has  shown  me  such  extraordinary  examples  of  augmen¬ 
tation  of  size  and  variation  of  proportion  in  the  skulls  of  some  young  and  adult  Frogs 
that,  in  view  of  the  close  correspondence  of  form  and  size  in  the  bones  of  the  pre- 
parietal  region  of  the  upper  surface  of  the  liead,  I  do  not  feel  justified,  with  only  a 
distorted  fragment  to  work  upon,  in  separating  the  specimen  from  tfie  type  to  which 
it  is  obviously  closely  allied. 

The  specimen  shows  the  relations  of  the  maxillary,  pre-maxillary,  sub-narial,  nasal, 
pi^e-frontal,  lachrymal,  frontal,  and  post-frontal  bones  ;  while  the  nares  are  exceptionally 
well  seen  (fig,  2). 

The  length  of  the  fragment  is  only  about  30  centims.  The  pre-maxillary  bone  is 
shown  by  a  transverse  polished  section  to  be  single.  It  is  inclined  obliquely  forward 
and  downward,  and  is  constricted  posteriorly  where  it  forms  the  anterior  and  superior 
borders  of  the  nares.  Here  its  transverse  width  is  8 '5  centims.,  almost  exactly  the 
same  as  in  the  type  skull  of  D.  tigricep>s.  It  extends  backward  in  a  rectangular 
wedge,  and  penetrates  in  the  median  line  for  some  distance  between  the  nasal  bones. 
The  length  of  the  straight  suture  by  which  it  joins  each  nasal  bone  is  6  centims. 
The  length  of  the  bone  in  the  median  line  to  the  transverse  polished  section  is 
1 1  centims.,  and  may  have  been  several  centimetres  more :  these  measurements 
correspond  with  D.  tigriceps.  In  front  of  the  nares  the  lateral  parts  of  the  bone 
bend  somewhat  abruptly  downward  and  outward  for  4 *5  centims.  to  the  straight  suture 
with  the  maxillary  bone,  which  is  parallel  to  the  superior  contour  when  seen  from  the 
side,  and  about  8  centims.  long :  its  direction  is  also  parallel  to  the  median  line  of  the 
skull  when  seen  from  above.  The  ]30sterior  lateral  border  of  the  bone  is  concavely 
notched  out  superiorly  to  form  the  front  border  of  the  narine,  and  inferiorly  it  slopes 
to  form  the  floor  on  which  the  sub-narial  bone  rests. 
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The  maxillary  bone  is  flattened,  oblong,  and  oblique  in  position,  being  inclined 
forward  and  downward.  Tt  contributes  the  inferior  border  to  the  narine,  and  supports 
the  larger  part  of  the  sub-narial  bone  ;  but  may  be  excluded  from  the  external  margin 
of  the  orbit  by  the  malar  reaching  back  to  meet  the  lachrymal.  It  is  10  centims. 
deep  and  nearly  20  centims.  long.  A  shallow  depression  or  groove  runs  over  the 
bone,  parallel  to  the  pre-maxillary  suture  and  3  or  4  centimetres  below  it,  so  as  to 
define  a  superior  convex  ridge.  The  inferior  border  of  the  bone  extends  for  24  centims. 
in  front  of  the  lachrymal  corner  of  the  orbit ;  it  is  rounded,  and  contains  the  base  of 
the  tooth,  which  is  sheathed  in  bone  to  its  fractured  extremity,  where  it  measures 
3  centims.  in  diameter. 

A  fracture  shows  the  root  of  the  tooth  of  the  same  size  extendinsj  for  10  centims. 
through  the  surrounding  sheath,  and  it  probably  extends  nearly  to  the  orbit.  Its 
position  is  parallel  to  the  suture  between  the  pre-maxillary  and  maxillary,  but 
6 ‘5  centims.  behind  it.  It  is,  therefore,  not  in  the  place  of  the  canine  tooth  of  a 
Carnivorous  Mammal,  and  cannot  be  so  determined  ;  but,  being  entirely  in  the  middle 
of  the  maxillary  bone,  presents  a  character  only  found  in  the  lower  Mammalia. 

The  nasal  bones  are  flattened  above,  and  they  extend  transversely  over  the  hinder 
part  of  the  iiares  in  a  pair  of  thickened  bulbous  processes,  like  horns.  The  transverse 
width  over  the  bones  is  about  1 9  centims.  They  meet  by  a  well  defined  median 
suture,  which  is  5  or  6  centims.  long  ;  and  tfle  anterior  margins  of  the  frontal  bones 
rise  above  them  in  a  slight  ridge.  These  straight  sutures,  8  centims.  long,  converge 
backward,  so  that  the  nasal  bones  penetrate  a  little  between  the  frontal  bones,  but  to 
a  less  extent  than  the  pre-maxillary  bone  penetrates  them.  The  superior  surface  of 
each  bone  is  convex  from  front  to  back,  and  concave  from  the  median  line  outward 
towards  the  external  horn.  The  external  antero-posterior  extent  of  the  bone  is  about 
7  centims.,  and  this  surface  is  chiefly  occupied  with  the  transverse  convexity  of  the 
nasal  horn,  which  is  4  centims.  thick,  though  the  thickness  of  the  bone  greatly 
diminishes  towards  its  junction  with  the  pre-maxillary.  Interiorly  the  nasal  rests 
upon  the  lachrymal  bone,  which  extends  as  a  narrow  strip  into  the  narine,  on  the 
plan  of  Ichthyosaurus,  so  as  to  separate  the  nasal  bone  from  the  maxillary.  A  deep 
groove  behind  the  nasal  horn  separates  the  nasal  bone  from  the  pre-frontal. 

The  sub-narial  bone  lies  within  the  floor  of  the  narine.  This  cavity  is  transversely 
ovate,  0  centims.  long  by  2  centims.  deep  internally,  but  4 A  centims.  deep  to  the 
outer  limit  of  the  sub-narial  bone  ;  and  a  centimetre  below  that  there  is  a  sharp  ridge 
on  the  maxillary,  which  marks  the  lower  border  of  the  nasal  aperture.  The  sub-narial 
bone  is  5  centims.  wide  and  3 ‘.5  centims.  deep,  slightly  concave  from  front  to  back, 
and  inclined  obliquely  downward  and  outward.  It  is  seen  on  both  sides  of  the  skull. 
When  compared  with  the  sub-narial  bone  in  Pareiasaurus,  this  condition  is  interesting, 
as  the  bone  is  entirely  withdrawn  from  the  external  suture  on  the  face.  And  its 
position  is  such  as  to  suggest  that  it  may  be  the  germ  of  the  turbinal  bones  of  the 
Mammalia. 


238 


PROFESSOR  H.  G.  SEELEY  ON  THE  STRUCTUtiE,  ORGANIZATION, 


The  internal  border  of  the  orbit  is  flattened,  and  is  limited  externally  by  a  some¬ 
what  thickened  rounded  edge,  in  the  anterior  corner  of  which  lies  the  lachrymal  bone. 
It  is  4  centims.  deep  within  the  orbit,  2  centims.  wide  on  the  lateral  border  in  front 
of  the  perforation  for  the  canal,  while  the  width  to  the  extremity  of  the  narrow 
tongue,  which  is  prolonged  superiorly  into  the  narine,  is  5  centims.  The  lachrymal 
perforation  is  1'4  centim.  long  and  half  as  wide,  with  a  depressed  rounded  border. 

Above  the  lachrymal  bone,  and  behind  the  nasal  bone,  is  the  pre-frontal  bone.  It  is 
a  small  ossification  above  the  anterior  corner  of  the  orbit,  where  it  projects  outward 
in  a  second  sharp  but  small  pyramidal  process,  similar  to  the  process  of  the  nasal 
bone.  The  width  over  these  processes  is  about  the  same  as  that  across  the  nasal 
horns.  But  the  pre-frontal  bone  is  no  larger  than  the  lachrymal.  It  measures  about 
4  centims.  in  the  vertical  direction,  and  the  transverse  and  antero-posterior  measure¬ 
ments  are  about  the  same  ;  so  that  its  small  size  would  suggest  that  the  absence  of 
this  bone  in  the  skulls  of  higher  Vertebiates  is  probably  a  consequence  of  the  frontal 
bone  continuing  to  ossify  at  its  expense.  Its  largest  surface  is  within  the  orbital 
border  ;  and  the  contour  of  the  orbit  causes  it  to  narrow  interiorly  in  the  lateral  view 
to  its  junction  with  the  lachrymal  bone,  above  which  the  transverse  spine  or  horn 
extends. 

The  frontal  bones  are  a  pair  of  large  flattened  horizontal  ossifications  which  extend 
between  the  orbits,  and  meet  in  the  median  line  in  a  slight  ridge,  which  is  only  a 
little  more  elevated  than  the  anterior  margin  which  marks  their  union  with  the  nasal 
bones,  but  there  is  a  conspicuous  though  sipall  depression  where  these  bones  meet  in 
the  median  line  of  the  skull.  Their  lateral  margins  are  compressed  and  convex  on 
the  under  side  ;  but  the  lateral  contours  are  concave  from  back  to  front,  where  they 
form  the  superior  borders  of  the  orbits.  Posteriorly,  the  parietal  bones  are  broken 
away,  apparently  at  the  suture,  and  on  the  right  side  the  post-frontal  bone  is 
broken  away  in  the  line  of  suture.  And  these  fractures  show  that  the  frontal  bones 
extend  backward  in  the  median  line  in  a  broad  A  shape,  which  is  rather  more 
pronounced  than  the  corresponding  contour  of  the  nasal  bones  ;  so  that  each  frontal 
approximates  to  a  rhombic  form,  with  the  sharp  angles  outward  and  forward,  and 
made  by  the  pre-frontal  bones.  The  least  transverse  width  between  the  orbits  is 
about  14  centims.  The  antero-posterior  length  in  the  median  suture,  between  the 
frontals,  is  fully  10  centims.  ;  the  length  in  the  middle  of  each  frontal,  from  the  nasal 
to  the  post-frontal  suture,  is  8 '5  centims.,  and  on  the  orbital  margin,  between  the 
post-fi’ontal  and  pre-frontal,  the  measurement  is  about  5  centims.,  or  9  centims.  to  the 
deep  notch  between  the  pre-frontal  and  nasal.  The  length  of  the  post-frontal  suture 
on  the  posterior  border  is  5 ’5  centims.,  where  it  appears  to  be  separated  from  the 
anterior  end  of  the  parietal  by  a  ridge.  The  flattened  superior  surfaces  of  the  frontal 
bones  are  somewhat  concave,  owing  to  the  median  ridge  developed  between  them 
anteriorly,  but  where  the  ridge  dies  away  posteriorly  there  is  a  slight  transverse 
concavity  in  the  middle  parts  of  the  boues.  The  similar  depression  in  the  suture  at 
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the  posterior  extremity  of  the  united  frontals,  when  compared  to  that  seen  in  the 
type  skull,  makes  it  highly  probable  that  the  parietal  foramen  in  this  skull  was 
similarly  situate  and  conditioned.* 

The  palatal  aspect  shows  the  union  of  the  palatine  bone  with  the  maxillary,  the 
extension  of  the  palatine  on  the  internal  border  of  the  pterygoid,  the  median 
approximation  of  the  pterygoids  posteriorly  against  a  compressed  median  plate, 
2  centirns.  high,  1‘4  centim.  wide  on  the  palate,  and  9  millims.  wide  superiorly, 
which  appeal’s  to  be  the  pre-sphenoid  ;  and  a  flattened  bone  descends  on  to  the  outer 
surface  of  the  pterygoid,  diverging  outward  and  forward,  which  is  in  the  position  of 
the  columella,  but  is  only  seen  on  the  right  side. 

The  Quadrate  Bone.  (Plate  10,  figs.  4-6). 

Though  several  Anomodont  skulls  in  the  British  Museum  have  lost  their  quadrate 
bones,  the  collection  contains  but  one  specimen  separated  from  the  skull,  and  that 
bone,  hitherto  undetermined,  is  without  record  of  the  locality  where  found,  beyond 
being  kept  with  specimens  presented  by  Mr.  Bain. 

It  is  in  a  pale  grey  matrix,  which  has  been  completely  removed,  so  that  the 
external  form  of  the  bone  is  fully  shown.  It  agrees  substantially  with  the  bones 
which  are  attached  to  the  skulls  in  every  character  but  one,  and  that  is  in  the 
presence  of  a  very  large  foramen  or  notch,  which  runs  through  the  bone  above  the 
distal  articulation.  The  bone  indicates  a  larger  skull  than  any  which  has  been 
described,  and  may  eventually  be  referred  to  a  new  genus. 

The  bone  consists  of  a  trochlear  articulation,  from  which  a  strong  wide  wedge- 
shaped  process  ascends  obliquely,  and  shows,  on  the  middle  of  what  I  regard  as  the 
inner  margin,  a  large  vertical  pit  for  the  pterygoid  bone  (fig.  4). 

The  trochlear  articulation  (fig.  6)  consists  of  two  well  defined  condyles,  which  are 
convex  from  behind  forward,  and  separated  by  a  deep  wide  median  channel.  The  inner 
condyle,  as  preserved,  is  the  narrower,  but  this  is  probably  due  in  part  to  a  fracture, 
which  has  removed  its  inner  margin.  The  transverse  measurement  from  within  out¬ 
ward  is  7 '5  centirns.  ;  and  the  antero-posterior  measurement  of  the  outer  condyle  is 
less  than  6  centirns.,  and  of  the  inner  condyle  more  than  6 ‘5  centirns.  Both  condyles 
project  forward, 'and  are  well  defined  by  the  less  development  anteriorly  of  the  bone 
which  rises  from  the  articulation  ;  but  the  inner  condyle  appears  to  have  worked  in  a 
well  defined  excavation,  and  is  defined  posteriorly  by  a  transverse  emargination  or 
groove  above  the  articular  surface.  The  external  condyle  has  the  external  margin 
convex  from  front  to  back ;  while  the  margins  of  the  other  condyle  appear  to  be 
straight  and  parallel. 

*  In  the  fossil  No.  36,235,  the  parietal  foramen  is  an  ovate  perforation  1'3  centim.  long  and  9  nhllim.s. 
wide,  with  an  elevated  rounded  rim,  the  transverse  measurement  over  which  is  2'3  centirns.,  and  the 
length  about  2'8  centirns.  This  border  is  less  than  half  a  centim.  wide  in  front,  but  widens  laterally 
and  posterioi'ly ;  and  all  round  it  the  bone  is  depressed. 
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The  channel  between  the  condyles  is  about  3  centims.  wide,  and  fully  1'5  centim. 
deep,  highly  inclined  towards  the  inner  condyle,  and  less  inclined  on  the  surface 
which  contributes  to  the  outer  condyle.  This  channel  makes  the  anterior  margin 
concave  between  tlie  condyles,  and  causes  a  corresponding  concave  contour  on  the 
hinder  border. 

The  greater  length  of  the  inner  condyle  appears  to  be  correlated  with  the  greater 
an tero- posterior  extent  of  the  bone  which  rises  above  it.  Above  the  outer  condyle 
this  is  a  small  and  comparatively  slender  vertical  process,  which  is  fractured,  so  that 
its  height  is  not  seen.  It  measures  3 '3  centims.  from  front  to  back,  and  less  than  a 
centimetre  and  a  half  transversely  where  thickest.  The  convex  external  surface  is 
somewhat  irregular,  as  though  it  were  impressed  above  the  condyle  by  giving  attach¬ 
ment  to  a  bone,  which  may  have  been  the  quadrato-jugal  or  possibly  the  squamosal, 
since  there  is  at  present  no  conclusive  evidence  of  the  quadrato-jugal  as  a  normal 
element  in  an  Anomodont  skull.  The  height  from  the  base  of  the  articulation  to  the 
fracture  of  this  process  is  5'7  centims.  The  process  is  separated  from  the  strong  bony 
wedge  which  rises  above  the  inner  condyle  by  the  large  notch  or  channel  which  is 
situate  above  the  channel  between  the  condyles,  from  which  it  is  separated  by  a 
thickness  of  bone  of  about  2 ‘2  centims.  in  front  and  1’5  centim.  behind.  The  base  of 
the  channel  is  concave  from  back  to  front,  as  well  as  from  side  to  side ;  its  external 
border  was  most  produced  anteriorly,  and  its  inner  border  most  produced  posteriorly. 
The  sides  appear  to  have  converged  upward  without  meeting.  The  greatest  width  of 
the  perforation  in  front  is  about  2 ’5  centims. 

The  plate  or  wedge  of  bone  which  rises  above  the  inner  condyle  terminates 
superiorly  in  a  thin  compressed  edge,  convex  from  front  to  back,  which  is  inclined 
towards  the  outer  side  in  front,  and  towards  the  inner  side  behind,  so  as  to  obliquely 
cross  the  direction  of  the  condyle.  The  lieight  to  this  edge  from  the  condylar  surface 
is  10  centims.  ;  its  greatest  antero-posterior  extent  is  9  centims.  The  wedge  is  some¬ 
what  cut  into  at  the  base,  in  front,  by  the  median  supra-condylar  perforation,  while 
the  inner  posterior  side  is  excavated  for  a  bony  attachment.  Otherwise  the  lateral 
surfaces  are  convex  from  front  to  back  and  converge  from  below  upward,  so  as  to 
meet  in  a  sharp  edge  which  extends  from  the  back  of  the  condyle  to  the  front.  On 
the  posterior  side  the  base  of  this  wedge  expands  to  the  summit  of  the  outer  condyle. 
I  have  no  doubt,  from  the  evidence  of  the  specimens  described,  that  the  larger  part  of 
this  wedge  was  received  into  the  squamosal  bone.  The  large  vacuity  on  the  inner 
hinder  border  of  the  wedge,  which  is  4  centims.  high  and  1'5  centim.  wide,  is  in  the 
position  in  which  the  pterygoid  bone  commonly  meets  the  quadrate  ;  though  in 
Ichthyosaurus  a  similar  pit  appears  to  be  formed  by  the  malleus. 

On  the  whole,  the  bone  approaches  closely  to  the  quadrate  of  Ichthyosaurus,  not¬ 
withstanding  the  difference  of  the  supra-condylar  perforation  ;  for,  if  the  external 
ascending  process  of  this  South  African  quadrate  were  removed,  its  external  surface 
would  have  the  same  concavity  as  the  quadrate  of  Ichthyosaurus  where  it  faces 
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towards  the  quadrato -jugal  bone.  Moreover,  it  would  correspond  in  plan  to  the 
quadrate  of  llatteria,  except  that  it  rather  resembles  Ichthyosaurus  in  the  absence  of 
a  pterygoid  process,  in  the  wedge-like  supra-condylar  mass,  and  its  superior  termina¬ 
tion  in  a  sharp  margin.  The  divergence  of  character,  in  which  it  varies  from  the 
quadrate  of  other  Anomodonts,  and  approximates  to  Ichthyosaurus,  would  warrant 
its  reference  to  a  new  genus. 

On  a  somewhat  crushed  and  imjDerfect  Shull  of  Dicynodon  Copei,  Seeley. 

(See  Plate  14.) 

The  skull  numbered  47,074  is  distorted,  but  indicates  a  new  species  of  Dicynodon, 
which  appears  to  resemble  the  type  named  by  Professor  Cope  Lystrosaurusf  in  which 
the  face  is  vertical  to  the  superior  surface  of  the  head.  The  nares  approximate  as 
closely  as  possible  without  being  confluent,  are  circular,  and  inferior  in  position  to  the 
large  circular  orbits,  which  are  posterior  to  the  nares.  The  large  teeth  descend 
vertically. 

The  palate  has  been  very  fully  excavated  (flg.  3),  and  shows  the  wide  smooth  surface 
of  the  basi-sphenoid,  slightly  concave  from  side  to  side,  and  less  convex  from  back  to 
front.  At  each  side,  stretching  between  it  and  the  quadrate  bone,  is  the  pair  of  bones 
with  saddle-shaped  surfaces,  originally  figured!  in  Dicynodon  lacerticeps  (Owen),  and 
already  recognized  in  other  Dicynodonts.  In  a  line  with  their  anterior  margin  the 
irregular  transverse  suture  is  seen,  which  marks  the  overlap  of  the  pterygoid  upon  the 
basi-sphenoid.  The  lateral  surfaces  of  this  mass  converge  forward  to  make  deep 
notches,  external  to  which  the  quadrate  processes  of  the  pterygoid  are  prolonged  out¬ 
ward  and  backward  as  thin  oblique  plates,  which  reach  the  external  borders  of  the 
sub-quadrate  saddle-shaped  bones  already  referred  to,  which  are  regarded  as  the 
malleus.  In  front  of  these,  the  quadrate  processes  of  the  pterygoid  bone  are  considerably 
constricted  ;  and  then  an  anterior  pair  of  processes  diverge  forward  and  outward,  so 
as  to  terminate  behind  the  maxillaiy  teeth,  where  a  thin  plate  of  the  maxillary  over¬ 
laps  the  pterygoid  externally,  but  only  on  the  upper  part  of  the  anterior  process.  In 
the  constricted  middle  plate  of  the  pterygoid  is  a  long  median  vacuity,  lanceolate 
behind,  and  tapering  in  front  to  a  slender  point.  It  is  defined  laterally  by  very 
slender  plates,  which  converge  inward  and  forward  to  form  a  single  median  plate, 
reaching  forward  to  the  maxillary  region ;  and  this  plate  may  probably  be  identified 
as  the  vomer. 

Stretching  along  the  inner  side  of  each  anterior  bar  of  the  pterygoid  is  the  palatine 
bone,  which  widens  as  it  extends  forward,  so  as  to  enclose  with  the  slender  V-shaped 
vomerine  plate  a  pair  of  long  oval  vacuities  in  the  palate,  which  I  regard  as  the 
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palato-nares.  The  lateral  excavation  shows  the  palatine  plate  to  extend  upward  and 
inward  as  in  other  specimens. 

The  distorted  condition  of  the  specimen  makes  detailed  measurement  of  little 
value.  The  head  is  about  13  centims.  long,  and  the  height  of  the  vertical  face  is 
about  8 '5  centims.  from  the  cutting  margin  of  the  jaw  to  the  flattened  frontal  region. 
The  circular  nares  are  rather  above  the  middle  of  this  height ;  each  is  2  centims.  in 
diameter,  and  the  bar  which  divides  them,  formed  by  the  nasal  bones  above  and  the 
pre-maxillary  bone  below,  is  half  a  centim.  wide.  The  pre-maxillary  bone  is  extremely 
narrow  (about  2  centims.),  and  may  be  divided  by  a  median  suture,  though  the  state 
of  preservation  does  not  demonstrate  this  point,  and  the  appearance  may  be  delusive. 
The  circular  orbit  is  4  centims.  in  diameter;  the  malar  bone  extends  internally  to  the 
post-frontal  at  its  hinder  border,  and  both  bones  are  overlapped  externally  by  the 
squamosal,  which  at  once  rises  to  a  level  with  the  crown  of  the  head  as  it  extends 
backward.  At  the  back  of  the  head  is  a  slender  sigmoid  bone,  expanded  at  both  ends, 
about  9 ’5  centims.  long,  which  may  be  the  clavicle. 

These  characters  anq^ly  establish  the  distinctness  of  this  species,  and  make  its 
reference  to  a  distinct  genus  not  improbable ;  but  I  do  not  regard  the  vertical  opposi¬ 
tion  of  the  pre-maxillary  and  mandible  on  which  Lystrosaurus  was  founded  as  a 
suflicient  definition  of  the  genus. 


The  Skull  of  Hyorhynchus  platyceps,  Seeley.  (Plate  15,  figs.  1-3.) 

A  skull,  which  is  imperfect  both  in  front  and  behind,  registered  in  the  British 
Museum  as  R.  872,  received  from  Mr.  Thomas  Bain,  is  so  remarkable  in  its  form  that 
I  regard  it  as  probably  indicafing  a  new  genus.  It  is  characterized  by  a  slender 
angular  Pig-like  snout,  relatively  large  orbits,  and  a  narrow  parietal  region. 

The  upper  surface  of  the  head  is  flattened,  slightly  convex  from  front  to  back  in  the 
median  line,  with  the  superior  borders  of  the  orbits  somewhat  elevated,  so  as  to  make 
the  frontal  bones  between  them  longitudinally  concave.  The  post-orbital  region  has  a 
length  of  3  centims.  as  preserved,  and  is  about  12  millims.  wide  at  the  posterior 
fracture,  where  a  transverse  section  shoivs  that  it  is  the  summit  of  a  vertically  ovate 
region  of  the  brain-case.  As  in  so  many  other  allied  forms,  its  lateral  walls  diverge 
outward  as  they  extend  forward  to  the  posterior  angle  of  the  orbit,  where  the  post¬ 
frontal  bone  extemls  transversely  outward.  The  post-frontal  is  very  slender.  It  is 
directed  at  first  outward  and  downward,  and  then  downward  and  forward,  making  the 
posterior  boundary  of  the  orbit.  This  aperture  on  each  side  of  the  head  looks  outward 
and  a  little  upward,  is  4  centims.  long,  by  3 '3  centims.  deep.  The  wfidth  of  each 
frontal  bone  from  the  median  suture  to  the  orbital  border  is  1‘6  centim.  in  the  middle  of 
the  orbit.  The  sutures  are  badly  defined.  The  parietal  appears  to  be  overlapped 
by  the  post-parietal  bone,  which  extends  forward  to  the  post-frontal,  and  has  the  side 
flattened  and  oliliquely  inclined.  At  about  1'5  centim,  behind  the  orbits  is  the  long 
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nvate  parietal  foramen,  ^A'hich  appears  to  he  1  ceiitim.  long.  At  the  anterior  cornei's 
ot  the  orhits  are  narrow  pre-frontal  hones,  crossed  hy  angular  ridges  which  extend 
forward  and  separate  the  flat  roof  to  the  snout  from  the  slightly  inclined  ant-orhital 
wall.  The  transverse  width  at  the  corners  of  the  orhits  is  3'5  centims.  at  7  centims.  in 
advance  of  the  posterior  fracture.  The  roof  hones  extend  for  4  centims.  forward  in 
advance  of  this,  converging  to  about  12  millims.  wide  at  the  anterior  fracture,  so  that 
the  angular  ridge  which  borders  the  area  laterally  is  slightly  concave  in  length.  The 
A’ertical  height  of  the  back  of  the  skull  in  the  post-frontal  region  is  about  5 '7  millims.; 
anteriorly  the  vertical  depth  to  the  maxillary  plate  of  the  palate  is  a  little  over 
4  centims.  The  transverse  width  at  the  base  of  the  hinder  border  of  the  orbit  is 
8  centims.,  while  anteriorly  at  the  maxillary  plate  it  is  4  centims. 

The  maxillary  hone  is  very  imperfectly  preserved,  and  is  best  seen  on  the  right  side, 
where  a  part  of  its  inferior  palatal  border  extends  backward  horizontally  towards  the 
orbit,  but  extends  belotv  it.  Its  rounded  lateral  border  makes  a  considerable  angle 
Avith  the  palatal  surface  of  the  bone,  which  is  reflected  inward  and  downAvard.  In  the 
part  of  the  alveolar  border  which  is  preserved  I  can  detect  no  indication  of  dentition. 
The  form  of  the  head  Avould  have  suggested  teeth  of  the  Gennetotherioid  type,  in 
Avhich  the  incissors  are  large  and  the  molars  small,  but  so  much  of  the  hinder  margin 
of  the  maxillary  bone  as  is  preserved  only  demonstrates  imperfectly  a  cutting  margin, 
with  doubtful  indications  of  immature  teetb  buried  in  the  substance  of  the  bone. 

The  palate  in  front  is  formed  by  two  bones  which  meet  in  the  median  line  by  a  close 
median  suture  at  the  bottom  of  a  slight  median  concavity.  These  bones  curve 
convexly  upward  in  front,  are  in  contact  Avith  the  maxillary  bones  at  the  sides,  and  at 
their  hinder  outer  corners  meet  the  pterygoid  bones,  so  that  they  appear  to  demon¬ 
strate  the  palatine  as  a  transversely  ovate  plate  consisting  of  tAvo  lateral  portions. 
The  palatine  processes  of  the  pterygoid  bones  are  slender  plates  of  almost  rod-like 
form,  which  converge  inward  as  they  extend  backAvard,  but  they  descend  to  a  loAver 
level,  apparently,  than  the  maxillary  bones.  The  exact  mode  of  their  union  AAuth  the 
mass  of  the  pterygoid  bones  is  not  evident.  But  the  pterygoid  bones  unite  in  the 
median  line,  where  they  are  unusually  elongated,  and  inclined  toAvards  each  other  so 
as  to  meet  interiorly  in  a  median  keel.  On  the  right  side  a  process  is  given  off  which 
extends  transversely  outward  and  upward  to  the  malar  region  of  the  base  of  the  orbit, 
though  the  malar  bone  itself  is  clearly  defined.  This  pterygoid  process  is  therefore  in 
the  position  of  the  transverse  bone.  The  sphenoidal  region  of  the  palate  ascends, 
and  at  the  fracture  is  concave  from  side  to  side  and  shoAvs  the  rounded  form  of  the 
base  of  the  brain-cavity.  The  inter-parietal  bone  is  seen  to  extend  obliquely  over  the 
cerebellar  region  in  the  usual  Avay. 

There  is  a  general  resemblance  between  tbis  type  of  skull  and  ^^lurosaurus,  which 
shows  that  this  genus  belongs  to  the  Gennetotherioid  diAusion  of  the  Anomodont  order  ; 
but  Pig-like  ridges  on  the  snout  and  other  features  sufiiciently  distinguish  it  from 
Theriodont  genera,  and  the  palate  is  distinctive. 

2  T  2 
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Summary  of  the  Structure  of  the  Dicynoclont  Skull. 

The  same  plan  of  structure  is  found  in  all  the  skulls  of  Dicynodonts  which  I  have 
been  able  to  compare,  archough  the  proportions  of  the  different  parts  of  the  head  vary 
in  the  genera.  The  post-orbital  region  may  be  greatly  elongated,  as  in  Dicynodon 
leoniceps,  when  the  parietal  area  is  usually  an  angular  crest,  or  the  transverse  expan¬ 
sion  may  be  considerable,  and  the  parietal  region  flattened  and  tabular,  as  in 
Dicynodon  tigricep)^.  The  nares  may  approach  near  to  the  extremity  of  the  snout, 
as  in  some  species  of  Oudenodon,  or  the  pre-maxillaries  may  have  a  great  anterior 
development,  giving  the  nares  a  backward  position,  as  in  Ptychognathus.  But, 
although  the  relative  size  and  shape  of  every  bone  become  modified  in  harmony  with 
these  modes  of  growth,  the  plan  on  which  they  are  arranged  never  varies,  so  far  as  I 
have  been  able  to  ascertain.  This  plan  consists  in  a  solid  jaw,  from  which  a  vertical 
longitudinal  median  plate  is  prolonged  backward,  where  it  divaricates  to  contain  the 
small  brain.  This  wedge  is  terminated  posteriorly  by  a  more  or  less  vertical  occipital 
plate.  Inferiorly  the  back  of  the  squamosal  region  is  connected  with  the  jaws  by 
longitudinally  extended  slender  bars,  which  form  the  palate.  Laterally  the  squamosal 
extends  towards  the  maxillary,  forming  a  single  lateral  arch  behind  the  orbit. 
Superiorly  the  anterior  part  of  the  head  is  more  or  less  flat,  and  horizontally  extended 
parallel  to  the  palate. 

Fig.  2. 


The  occipital  plate  may  either  be  transversely  extended  and  vertical,  or  may  have 
its  lateral  halves  directed  outward  and  backward.  It  includes  a  rounded  occipital 
condyle,  which  is  formed  by  the  basi-occipital  and  the  two  ex-occipitals,  which  are 
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usually  developed  backward  somewhat  further.  The  condyle  is  less  prominent  than 
in  Chelonians.  Above  it  is  the  foramen  magnum,  more  or  less  extended  vertically, 
with  sub-parallel  sides.  The  occipital  plate  consists  of  the  usual  four  occipital 
elements,  though  the  sutures  between  them  may  become  obliterated.  They  are  at 
first  well  defined,  but  much  closer  than  the  sutures  which  connect  the  occipital  plate 
with  the  bones  which  occur  above  it  and  at  its  sides.  The  supra-occipital  forms  the 
upper  part  of  the  foramen  magnum,  the  ex-occipitals  make  the  lower  parts  of  its 
sides,  and  the  basi-occipital  is  below.  The  sutures  between  this  bone  and  the  ex- 
occipitals  run  down  the  descending  processes  which  have  been  termed  hypapophyses. 

A  large  bone  is  situate  above  the  supra-occipital,  and  extends  the  occipital  plate 
vertically.  It  has  an  immense  anterior  extension,  may  apparently  be  single  or  double, 
enters  into  the  brain-case,  and  I  identify  it  as  the  inter-parietal,  and  regard  it  as 
homologous  with  the  bone  so  named  in  Mammals  and  Lizards. 

At  the  sides  of  the  occipital  plate  are  the  large  squamosals,  elongated  vertically 
and  expanded  laterally.  Their  connection  is  mainly  with  the  ex-occipital  bones.  It 
is  their  reflection  backward  which  forms  the  basin-shaped  occipital  surface  found  in 
Dicynodon  2mrd{ceps  and  other  types.  It  is  this  bone  which  furnishes  the  Mammal¬ 
like  zygomatic  process  from  its  anterior  border,  and  it  supports  the  quadrate  bone  on 
its  base. 

Two  other  bones  are  found  at  the  back  of  the  head,  which  form  a  pair,  and  lie 
between  the  inter-parietal,  supra-occipital,  and  squamosal.  They  are,  apparently,  thin 
plates,  which  correspond  with  the  similarly  placed  bones  in  Labyrinthodonts,  which 
have  been  termed  epi-otic  bones. 

Between  the  ex-occipital  and  the  squamosal  is  a  large  foramen,  which  may  be 
auditory  ;  and  at  the  sides  of  the  ex-occipital  elements  of  the  condyle  are  foramina, 
which  may  be  outlets  for  the  vagus  nerve. 

There  is  no  certain  evidence  of  the  basi-occipital  being  divisible  by  suture  from  the 
basi-sphenoid,  but  such  a  separation  is  probable  (although  a  vertical  section  fails  to 
show  it),  because  the  hypapophyses  which  are  prolonged  downward  from  the  region 
of  these  bones  sometimes  show  at  their  termination  a  tri-radiate  groove,  and  it  has 
been  seen  that  the  basi-occipital  and  ex-occipital  contribute  the  posterior  two  of  these 
three  elements.' 

These  sphenoido-occipital  processes  form,  at  their  outer  lateral  termination  on  each 
side  of  the  head,  a  remarkable  crescentic  concave  articulation.  A  small  bone 
articulates  with  it  and  extends  to  the  squamosal,  near  to  the  quadrate  or  to  the 
quadrate  bone.  The  bone  may  be  very  small  and  sub-quadrate  in  form,  or  sub- 
cylindrical  and  constricted  a  little  in  the  middle,  with  convex  articular  ends.  These 
bones  are  much  smaller  than  the  pear-shaped  bones  in  Ichthyosaurus,  which  have  a 
large  lateral  attachment  at  the  junction  of  the  basi-occipital  and  basi-sphenoid,  and 
which  extend  transversely  outward,  so  that  the  small  end  is  received  into  a  pit  in  the 
quadrate  bone,  and  they  are  much  less  slender  than  the  bones  which  in  some  Liassic 
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Ornithosaurs  extend  from  the  sphenoid  to  the  distal  end  of  the  quadrate,  and  less 
slender  than  the  relatively  lonof  bones  in  the  Birds  skull,  which  extend  from  the 
anterior  inner  angle  of  the  quadrate  articulation,  and  converge  forward  and  inward 
to  the  sphenoid,  which  have  been  regarded  as  pterygoid  bones.  Nothing  like  these 
bones  of  Anomodonts  has  been  recognized  in  existing  Reptiles  ;  and  they  are  regarded 
as  homologues  of  the  malleus  of  the  Mammalia  on  account  of  their  relation  to  the 
surrounding  bones. 


Fig.  .3. 


Plan  of  palate  of  Dicynod,on. 


The  cavity  which  contained  the  brain  is  small,  narrow,  and  high.  It  appears  to 
have  the  basi-occipital  and  basi-sphenoid  for  its  floor.  The  pre-sphenoid  ascends 
obliquely  in  front,  and  is  very  narrow,  and  there  is  no  certain  evidence  whether 
the  olfactory  nerve  was  prolonged  above  it.  The  superior  covering  of  the  brain  was 
formed  by  the  supra-occipital,  inter-parietal,  and  parietal  bones  ;  there  is  no  evidence 
that  the  brain  extended  forward  to  the  region  of  the  frontal.  It  has  been  seen  that 
the  ex-occipital  bones  enter  into  tlie  foramen  magnum,  but  on  the  anterior  side  the 
occipital  plate  thickens,  and  the  thickening  appears  to  be  due  to  a  bone,  which  loses 
its  individuality  at  an  early  period,  being  super-imposed.  I  regard  this  bone  as  the 
opisth-otic.  Its  anterior  margin  is  smooth,  and  formed  the  hinder  wall  of  a  vertical 
aperture  in  the  brain -case  through  which  a  large  nerve  passed.  It  corresponds  to 
the  outlet  for  the  fifth  nerve,  but  other  nerves  also,  probably,  passed  out  in  the  same 
channel.  Anteilor  to  this  aperture  is  a  large  vertical  plate,  which  rises  from  the 
basi-sphenoid  ;  and  this  I  regard  as  the  ali-sphenoid  bone.  It  is  very  thin,  and  may 
not  always  have  been  ossified,  but  is  well  seen  in  Ptycliognathus.  Much  further 
forward,  above  the  pre-sphenoid,  are  the  bones  which  appear  to  correspond  to  the 
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orbito-sphenoid,  placed  at  the  back  of  the  orbit,  and  perforated.  Thus,  the  sides  of 
the  brain-case  converge  as  they  extend  forward,  till  they  merge  in  the  vertical  median 
septum  which  may  be  formed  at  its  base  by  a  flat  median  process  of  the  pterygoid, 
on  which  is  placed  the  pre-sphenoid,  similarly  compressed  from  side  to  side  and 
elongated ;  above  this  bone  succeed  vertical  plates  of  the  parietal  and  frontal  bones  ; 
and  anteriorly  these  elements  are  prolonged  by  the  ethmo-vomerine  plates  described 
by  Professor  Huxley. 

Fig.  4. 
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Plan  of  the  Upper  Surface  of  the  Skull  of  Dicynodon. 


The  palate  in  Dicyuodonts  is  characterized  by  being  formed  mainly  by  the  pterygoid 
bones.  They  are  large  horizontally  extended  plates,  which  meet  in  the  median  line 
and  rest  upon  the  basi-sphenoid,  much  as  in  Chelonians,  but  three  processes  appear  to 
be  given  off,  of  which  Chelonians  show  no  evidence.  First,  a  process  is  directed 
outward  and  backward' to  the  quadrate  bone,  and  is  separated  from  the  mass  of  the 
bone  behind  it  by  a  notch.  Secondly,  from  the  anterior  corner  a  long  bar  of  bone  is 
produced  forward  and  outward  to  meet  the  maxillary  bone  behind  the  great  tooth  ; 
and  so  as  to  make  the  external  margin  of  the  pterygoid  concave.  Between  these 
anterior  bars  a  pair  of  smaller  processes  is  given  off,  which  soon  converge  as  they 
extend  forward,  and  are  developed  into  a  vertical  median  plate  which  underlaps  the 
pterygoid,  and  extends  forward  to  meet  the  vomer,  but  soon  rises  so  as  to  disappear 
from  the  horizontal  plane  of  the  palate.  The  palatine  bones  extend  along  the  whole 
length  of  the  anterior  bars  of  the  pterygoids.  They  are  narrow,  splint-like  bones  at 
first,  on  the  inner  sides  of  the  maxillary  bars  of  the  pterygoid,  and  widen  as  they 
extend  forward  into  the  maxillary,  where  they  converge  toward  the  median  line,  but 
are  commonly  separated  from  each  other  by  the  vomer.  A  process  from  the  palatine 
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is  directed  upward  and  outward,  and  abuts  ag’ainst  the  lower  border  of  the  orbit, 
internal  to  the  malar  and  the  lachrymal. 

The  anterior  part  of  the  jaw  is  formed  in  Dicynodonts  by  the  maxillary  and  pre¬ 
maxillary  bones.  The  pre-maxillary  elements  appear  to  be  always  comparatively  large, 
and  apparently  single,  though  they  may  be  as  small  in  Theriodonts  as  in  any  Mammal 
and  divided  in  the  usual  way.  In  some  types  the  suture  between  the  pre-maxillary 
and  maxillary  bones  appears  to  be  overlapped  throughout  its  length  by  the  sub-narial 
bone,  but  in  other  species  this  bone  is  only  seen  on  the  floor  of  the  external  narine. 

The  apertures  of  the  skull  present  nothing  remarkable  in  the  ways  in  which  they 
are  defined.  The  temporal  vacuities  may  be  extended  transversely,  or  much  extended 
longitudinally,  and  are  always  limited  externally  by  a  single  zygomatic  bar,  into 
which  the  squamosal  always  enters,  which  may  be  underlapped  by  the  maxillary  in 
Dicynodonts,  and  is  underlapped  by  the  malar  in  Theriodonts.  The  orbit  is  circular  or 
ovate,  surrounded  by  the  post-frontal,  frontal,  pre-frontal,  lachrymal,  and  malar  bones. 
The  nares  are  usually  anterior  and  divided,  but  their  relative  position  in  the  head  is 
influenced  by  the  development  anteriorly  of  the  pre-maxillary  bone.  The  nasal  and 
frontal  bones  are  double.  The  pre-frontal  is  distinct  from  the  lachrymal.  The  latter 
bone  is  below  the  pre-frontal  and  above  the  maxillary  ;  it  is  always  perforated  by  the 
lachrymal  canal,  and  extends  from  the  orbit  to  the  narine,  as  in  Ichthyosaurus.  The 
post-frontal  forms  a  transverse  bar  at  the  back  of  the  orbit,  extending  from  the  frontal 
to  the  malar,  wdiich  rests  upon  the  squamosal,  and  makes  the  lower  border  of  the 
orbit.  At  the  hinder  margin  of  the  frontal  bones  is  the  parietal,  whidi  shows  no 
sign  of  median  division,  and  contains  the  parietal  foramen  in  its  anterior  part. 
External  to  it  are  plate-like  bones,  which  margin  the  superior  borders  of  the  temporal 
fossae.  They  appear  to  be  distinct  from  the  parietal,  and  to  overlap  that  bone 
anteriorly  and  the  inter-parietal  posteriorly,  for  the  inter-parietal  succeeds  the  parietal 
as  a  single  median  roof-bone,  which  may  sometimes  be  double.  But,  while  it  is 
probable  that  the  post- parietal  plates  are  anteriorly  separate  from  the  parietal,  there 
is  no  specimen  which  establishes  the  separation  beyond  question. 

The  squamosal  bone,  by  its  varied  development,  greatly  modifies  the  form  of  the 
skull.  It  always  gives  off*  a  strong  laterally  compressed  zygomatic  process,  and  in 
Dicynodonts  is  more  or  less  extended  inferiorly  and  vertically  below  that  process, 
where  it  forms  an  arch  into  which  the  vertical  part  of  the  comparatively  small  quad¬ 
rate  bone  is  received.  This  inferior  process  of  the  squamosal  may  become  small,  and 
in  the  Theriodont  Galesaurus  has  no  existence.  The  squamosal  bone  always  forms  the 
external  lateral  limit  of  the  occipital  area  along  its  extent. 


AND  CLASSIFICATION  OF  THE  FOSSIL  REPTILIA. 


249 


The  Verteljral  Column. 

The  only  part  of  the  vertebral  column  in  which  the  number  of  vertebra)  is  imper¬ 
fectly  known  is  the  dorsal  region.  A  specimen  in  the  British  Museum,  of  which  a 
portion  has  been  figured  by  Sir  B.  Owen  (‘Cat.  South  African  Reptilia,’  Plate  52), 
indicates  not  fewer  than  fifteen  vertebrfB  contained  between  the  head  of  the  humerus 
and  the  head  of  the  femur,  and  in  Deuterosaurus  the  number  of  dorsal  vertebrae 
preserved  is  eleven,  so  that  the  vertebrae  in  the  several  regions  of  the  body  may  be 
stated  with  some  probability  at  seven  or  eight  cervical,  twelve  or  thirteen  dorsal,  one 
to  six  sacral,  and  about  twenty  caudal. 

The  forms  of  the  vertebrae  appear  to  differ  a  little  in  the  several  types,  but  they  all 
show  a  remarkable  approximation  to  Sauropterygian  genera.  There  are  the  same 
biconcave  articular  surfaces  to  the  centrum,  only  the  mode  of  ossification  of  the  inter¬ 
vertebral  or  proto- vertebral  substance  appears  to  be  different,  for  the  unossified  part  has 
a  tendency  in  Anomodonts  to  contract  to  a  tubular-conical  form,  while  in  Plesiosaurs 
and  Nothosaurs  the  tendency  is  for  the  base  of  the  cone  to  disappear,  so  that  the 
conical  excavation  becomes  shallower,  till  the  articular  surface  is  perfectly  flat,  and 
the  cavity  becomes  obliterated. 

The  positions  of  the  articulating  surfiices  for  the  ribs  are  more  like  that  in  Plesiosaurs 
than  in  other  animals,  since  there  is  a  double  attachment  in  the  cervical  region,  a 
single  attachment  in  the  dorsal  region,  which  is  entirely  on  the  neural  arch  (except  in 
the  Pareiasauria),  and  a  single  caudal  attachment,  which  descends  again  to  the 
centrum.  But,  since  the  cervical  diapophysis  in  Anomodonts  is  formed  by  the  neural 
arch,  the  affinity  is  obviously  closer  with  the  Crocodilia,  especially  the  Teleosauria, 
and  in  that  group  chevron  bones  are  equally  well  developed  ;  so  that,  notwithstanding 
the  general  resemblance  of  these  vertebrm  to  those  of  Plesiosaurs,  the  divergence  in 
the  cervical  region  is  as  absolute  as  in  the  sacral  region.  Yet  the  sacral  vertebrae  are 
quite  unlike  those  of  Crocodiles  ;  and  the  affinities  indicated  by  these  resemblances 
may  be  no  more  important  than  the  affinities  with  Ilatteria. 

'  The  Vertebrce  of  Dicynodonts.  (Plate  12,  figs.  2,  4.) 

No  specimen  has  hitherto  been  described  which  shows  the  actual  association  of  the 
vertebrae  attributed  to  Dicynodon  with  a  skull ;  for,  although  there  is  a  strong 
probability  that  the  vertebrae  and  limb-bones  from  the  Gonzia  River,  attributed  to 
Dicynodon  tigricepsf  are  parts  of  the  same  animal  as  the  skull  from  the  same  locality, 
the  specimens  are  separated.  It  is,  therefore,  interesting  that  the  skull  fragment 
already  described  in  this  memoir  (Brit.  Mus.,  R.  866)  has  the  earlier  cervical 

*  ‘  Catalogue  South  African  Reptilia,’  No.  66,  p.  40,  Plate  35. 
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vertebrae  preserved  in  natural  articulation  in  the  basin  forined  by  the  expanded 
scpiamosal  bones. 

There  is  no  reason  to  doubt  that  in  this  species  the  occipital  condyle  was  small, 
and  as  short  as  in  allied  types,  though  it  is  not  exposed.  Attached  to  it,  apparently, 
is  a  bony  mass  projecting  backward,  which  is  embedded  in  matrix,  except  at  the 
base,  and  on  part  of  the  right  side  ;  and  this  I  regard  as  being  probably  the  anchy- 
losed  atlas  and  axis ;  not  that  there  is  any  visible  evidence  of  union  between  the 
bones,  but  the  antero-posterior  extent  of  the  ossification  is  2'3  centims.,  while  the 
succeeding  cervical  centrums  have  an  average  length  of  1'7  centim.,  and  I  know  of 
no  animal  in  which  the  atlas  is  longer  than  the  succeeding  vertebree,  while  a  similar 
increased  length  is  found  when  atlas  and  axis  are  anch_)losed.  Its  posterior  articular 
face  is  less  than  2  centims.  deep.  At  its  base  is  a  large  tubercle,  which  may  be  lateral, 
and  is  probably  one  of  a  pair  ;  though  the  other,  if  present,  is  hidden  by  matrix. 
The  heisrht  from  this  tubercle  to  the  summit  of  the  neural  arch  is  4  centims.  The 

o 

neural  arch,  which  is  imperfectly  exposed,  extends  backward  for  a  centimetre  behind 
the  articular  face  of  the  centrum.  The  succeeding  vertebrae  are  dislocated,  and  turned 
round  at  a  right  angle.  The  matrix  has  been  removed  so  as  to  expose  both  the  left 
side  and  the  base. 

The  first  of  the  free  vertebrae  has  many  of  the  characters  of  an  inter- centrum,  for  it 
has  no  neural  arch,  but  the  centrum  has  been  partly  chiselled  away  on  the  under  side. 
Its  antero-posterior  extent,  as  preserved,  is  1'7  centim.,  and,  therefore,  as  long  as  the 
vertebrae  which  follow  it.  On  its  left  upper  anterior  angle  is  a  large  ovate  articular 
facet,  slightly  elevated,  with  a  sharp  border  ;  it  looks  forward  and  outward  ;  and  I 
can  only  suppose  that  the  neural  arch  of  the  axis  may  have  rested  upon  it.  The 
surface  beneath  it  is  deeply  excavated.  The  neural  arch  of  the  following  vertebra  is 
in  close  contact  with  the  superior  paid  of  its  jjosterior  border,  and  the  neural  spine  of 
that  vertebra  extends  forward,  so  that  it  must  have  been  in  contact  with  the  neural 
spine  of  the  axis.  This  affords,  so  far  as  I  am  aware,  the  first  evidence  of  an  inter- 
centrum  among  true  Reptilia  developed  to  the  size  of  an  ordinary  centrum,  as  in 
Diplovertehroii.  There  are  no  interspaces  between  the  vertebree  ;  their  neural  arches 
interlock  slightly,  and  the  centrums  are  in  close  contact. 

The  next  vertebra  has  the  centrum  1‘7  or  1’8  centim.  long,  flattened  on  the  under 
side  in  front,  but  forming  a  median  ridge  behind.  At  the  sides  of  this  flattened  part 
of  the  base  is  a  pair  of  tubercles,  moderately  elevated,  placed  obliquely  so  as  to  look 
backward  and  upward  ;  that  on  the  right  side  is  6  millims.  long.  The  side  of  the 
centrum  is  flattened,  but  slightly  concave,  inclined  a  little  outward.  It  has  no  elevated 
anterior  border,  as  though  it  were  the  vertebra  to  which  the  inter-centrum  belongs. 
The  vertical  depth  of  the  side  of  the  centrum  below  the  neuro-central  suture  is  about 
1'5  centim.  The  neural  arch  is  large.  It  extends  transversely  beyond  the  centrum, 
and  develops  a  strong  diapophysis  directed  backward  and  outward.  This  process  is 
fractured,  and  only  its  base  is  seen,  convex  above  and  flattened  below  ;  but  it  was 
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probably  as  long'  as  in  succeeding  vertebrae,  where  the  measurement  from  the  pre- 
zygapophysis  to  the  articular  diapophysial  facet  is  2'5  centims.,  and  the  process 
projects  freely  for  more  than  a  centimetre.  The  surface  of  the  neural  ai’ch  is  flattened 
and  inclined  concavely.  Anteriorly,  at  a  height  of  2'5  centims.,  tliere  is  a  slight, 
horizontal,  zygapophysial  facet,  which  probably  had  Jio  function  in  the  skeleton.  The 
posterior  zygapophysis  is  strong,  and  is  developed  backward  in  the  usual  way.  The 
front  to  back  measurement  over  these  facets  is  2‘5  centims. 

The  neural  spine  exp'inds  above  into  a  hatchet  shape,  which  is  defined  by  a  small 
concave  notch  above  the  pre-zygapophysis,  and  a  larger  concavity  above  the  post- 
zygapophysis.  Its  superior  border  is  concave  from  front  to  back,  and  3  centims.  long. 
It  is  fractured  posteriorly,  but  is  seen  to  have  been  a  thick  wedge  of  bone  terminating 
in  a  point.  Anteriorly  it  forms  a  blunt  convexity  more  than  a  centimetre  in  transverse 
measurement.  It  makes  some  approximation  in  form  to  the  neural  arch  of  the  fourth 
cervical  of  Protorosaurus  Speneri,^''  though  it  difiers  in  having  the  posterior  process 
superior  in  position  to  the  post-zygapophysis.  From  the  base  of  the  centrum  to  the 
summit  of  the  neural  spine  is  4  centims.,  of  which  the  neural  arch  measures  2'7  centims. 

In  the  three  succeeding  vertebrae  the  characters  are  modified.  The  centrum  is 
slightly  shorter.  The  base  of  the  fifth  centrum  shows  a  longitudinal  median  ridge, 
which  is  less  elevated  on  the  sixth  and  absent  on  the  seventh,  which  is  convex  from 
side  to  side.  The  parapopbysial  tubercles  are  more  anterior  in  position,  being  just 
behind  the  anterior  articulation,  but  quite  as  low  on  the  side  of  the  centrum.  The 
transverse  measurement  over  them  is  2  2  centims.  Behind  these  eminences  the 
centrum  is  concavely  compressed.  The  pre-zygapophyses  are  strong,  directed  forward 
and  upward,  convex  externally,  with  the  facet  dmected  inward  and  forward.  Behind 
its  rounded  anterior  margin,  which  is  about  1  centim.  wide,  the  process  contracts  a 
little.  A  blunt  rounded  ridge,  which  is  concave  in  length,  connects  the  zygapophyses. 
The  neural  spines  incline  a  little  forward  as  they  extend  upward  ;  they  are  about 
1  centim.  wide. 

The  posterior  face  of  the  last  centrum  shows  a  conical  excavation,  like  the  vertebra 
of  an  osseous  Fish.  The  articular  face  is  2'1  centims.  high  and  about  2 '5  centims.  wide. 

The  ribs  remain  in  close  contact  with  the  vertebrae.  Their  articular  ends  fork, 
so  that  with  the  processes  from  the  vertebra  they  each  enclose  a  sub-rhomboid  space. 
The  forks  are  of  equal  length,  and  diverge  like  the  forks  of  a  Y,  but  the  tubercular 
process  is  the  wider  and  the  more  compressed.  The  ribs  are  sub-cylindrical,  curved, 
and  half  a  centimetre  wide  ;  that  attached  to  the  fifth  vertebra  is  preserved  lor  the 
length  of  three  centrums. 

Dorsal  VertehrcB.  (Plate  16,  fig.  1.) 

A  small  slab  from  South  Africa  in  the  British  Museum  shows  on  the  right  side 
evidence  of  seven  dorsal  vertebrae,  and  on  the  left  side  portions  of  seven  dorsal  ribs. 

*  ‘  Pliil.  Trans.’,  Vol.  178,  p.  208. 
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The  locality  from  which  the  specimen  was  obtained  is  unkDOWD,  but  the  bones 
correspond  in  size  with  the  cervical  vertebrae  already  described,  il'hree  vertebrae  in 
the  middle  of  the  series  are  fairly  well  preserved. 

The  centrum  is  1‘7  centim.  long,  very  slightly  concave  from  back  to  front,  with 
the  ai’ticular  margins  moderately  elevated.  From  side  to  side  the  external  surface  is 
well  rounded,  and  the  transverse  diameter  is  2  centims. ;  towards  the  neuro-central 
suture  the  diameter  contracts  to  about  half  as  much  in  the  middle.  The  vertical 
depth  of  the  articular  face  exceeds  1‘5  centim.;  it  is  conically  excavated. 

The  neural  arch  is  defined  from  the  centrum  by  a  transverse  sutui’e.  It  is  high, 
rises  along  the  whole  length  of  the  centrum,  extends  oblicpiely  outward,  so  that  this 
concavity  forms  a  continued  depression  with  the  upper  part  of  the  centrum.  Both 
anterior  and  posterior  surfaces  rise  steeply,  so  as  to  form  at  the  interlocking  of  two 
neural  arches  a  circular  foramen  for  the  inter-vertebral  nerve,  which  is  given  off  high 
above  the  centrum,  on  a  level  with  the  transverse  processes,  so  that  its  summit  is  fully 
1'6  centim.  above  the  neuro-central  suture,  and  its  diameter  about  6  millims.  The 
anterior  border  is  concave  between  the  base  and  the  middle  of  the  pre-zygapophysis, 
which,  does  not  extend  in  advance  of  the  centrum,  and  has  its  facet  looking  inward. 
The  superior,  inferior,  anterior,  and  posterior  sides  of  the  lateral  part  of  the  neural 
arch  converge  outward  in  a  pyramid,  and  the  angularities  between  them  are  lost  in 
the  rounded  transverse  process,  which  extends  outward  and  a  little  backward  for 
1'5  centim.  beyond  the  pre-zygap»ophysis,  and  terminates  in  a  flattened  facet  for  the 
single-headed  rib. 

The  neural  spine  is  inclined  backward  in  position,  so  as  to  extend  above  the  inter¬ 
vertebral  foramen.  It  is  prolonged  ujoward  and  a  little  backward ;  is  1  centim.  wide 
from  front  to  back,  though  the  measurement  may  be  slightly  more  towards  the  Tree 
end,  where  it  is  imperfect ;  but  its  height  from  the  inter-vertebral  foramen  exceeds 
3  centims.  The  spine  is  compressed  from  side  to  side,  and  convex  from  front  to  back, 
so  that  the  anterior  and  posterior  margins  are  sharp.  The  post-zygapopliyses  appa¬ 
rently  have  an  articular  facet  posteriorly,  as  well  as  laterally ;  the  former  is  immedi- 
diately  above  the  middle  of  the  transverse  process. 

The  fragments  of  ribs  on  the  other  side  of  the  slab  are  about  12  centims.  long, 
curved,  more  than  half  a  centimetre  in  diameter,  and  cylindrical. 

In  the  large  slab  already  referred  to,  as  indicating  the  extent  of  the  dorsal  region, 
there  are  only  seven  dorsal  riljs  exposed  ;  and  I  infer,  from  the  absence  of  ribs  in  the 
lumbar  region,  that  three  or  four  vertebrae  anterior  to  the  sacrum  may  in  some 
specimens  have  been  without  ribs,  though  other  larger  fossils  appear  to  have  the  ribs 
extending  to  the  sacrum. 
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Caudal  VertehrcB  Platypodosanrus.  (Plate  17.) 

The  only  known  example  of  the  tail  of  an  Anomodont  is  the  specimen  described  by 
Sir  PiCHAED  Owen'''-  as  a  mass  of  matrix,  including  part  of  the  sacrum  and  pelvis, 
with  ten  anterior  caudal  vertebrae,  probably  a  species  of  Dicynodon.  It  is  from  Fort 
Beaufort,  a  locality  which  yielded  the  skulls  of  Dicynodon  Bainii,  D.  'pardiceps,  and 
D.  feliceps,  and  it  may  not  improbably  be  referred  to  one  of  these  species.  Unfor¬ 
tunately,  the  vertebrae  have  been  separated  from  the  sacrum  and  pelvic  bones.  The 
original  description  of  the  vertebrae  is  brief,  and  the  figure  unsatisfactory.  The 
following  notes  contribute  to  a  knowledg’e  of  this  region  of  the  vertebral  column. 

The  specimen  includes  eleven  vertebrae,  and  measures  31  centiras.  in  length.  The 
vertebrae  progressively  become  smaller  and  shorter.  All  the  earlier  caudals  have 
strong  transverse  processes,  which  are  directed  outward  and  very  slightly  downward, 
but  the  processes,  which  are  separate  ossifications,  disappear  from  the  later  vertebrae. 
Where  the  transverse  processes  begin  to  decline,  strong  short  chevron  bones  begin  to 
be  developed.  These  bones  are  massive,  as  tliough  they  supported  the  weight  of  the 
tail,  and  are  in  close  contact  with  each  other,  but  rapidly  diminish  in  size,  as  though 
the  tail  only  included  about  five  more  vertebrae  ;  though  the  total  number  may  have 
amounted  to  twenty. 

In  the  first  four  vertebrae,  each  centrum  is  3  centiras.  long.  In  the  next  three, 
each  centrum  is  2 ‘6  centims.  long,  the  eighth  and  ninth  are  each  2  centims.,  the 
tenth  1'9  centira.,  and  the  eleventli  about  1'7  centim.  long. 

With  this  shortening  in  length,  the  whole  aspect  of  the  vertebrae  gradually  changes. 
At  first  the  centrum  is  evenly  convex  from  side  to  side  below  the  transverse  processes, 
and  somewhat  markedly  concave  from  front  to  back.  The  margins  of  the  centrum  are 
sharp.  Its  depth  is  6 '3  centims.,  and  its  transverse  width  about  5 "7  centims.,  and 
the  transverse  measurement  below  the  bases  of  the  transverse  processes  is  4  centims. 

At  the  base  of  the  fifth  centrum,  on  the  posterior  border  are  two  strong  tubercles 
with  a  transverse  measurement  of  nearly  3  centims.,  and  a  strong  groove  between 
them.  On  the  sixth  .centrum  the  tubercle  on  the  right  side  is  elongated  into  a 
process  directed  downward  and  inward  ;  on  the  left  side  the  process  is  lost,  being 
separated  by  suture  from  a  lai’ge  rounded  boss.  This  is  the  beginning  of  the  chevron 
bones.  The  chevron  bones  in  the  seventh  and  succeeding  vertebrse  are  similar  to 
each  other.  Each  is  a  V-shaped  bone  which  appears  to  articulate  by  two  facets  on 
the  posterior  face  of  the  centrum.  The  transverse  width  over  these  processes  is 
at  first  about  3‘8  centims.,  and  in  the  last  vertebra  preserved  it  is  reduced  to  about 
2 ‘6  centims.  In  lateral  view  the  processes  are  directed  downward  and  backward  ; 
below  the  attaclunent  their  sides  converge  downward  with  a  slight  lateral  concavity, 
and  the  anterior  and  posterior  borders  are  strongly  concave,  so  that  the  extremities 
of  the  bones  are  expanded  from  front  to  back.  The  length  of  the  chevron  bones  is 

*  ‘  Cat.  Foss.  Kept,  of  Soiitli  Africa,’  1876,  p.  73. 
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in  tlie  first  four  about  3 ’5  centims.  ;  the  fifth  is  imperfectly  preserved,  but  probably 
shorter.  The  antero-posterior  extent  of  the  basal  expansion  of  each  bone  is  about 
2’4  centims.,  convex  from  front  to  back.  It  is  also  convex  transversely,  and  wider 
behind  than  in  front ;  the  posterior  transverse  measurement  in  the  second  bone  is 
1'5  centim.,  the  corresponding  anterior  measurement  is  about  1  centim.,  but  in  the 
later  bones  the  surface  appears  to  be  becoming  a  rounded  boss. 

The  neural  arch  is  comparatively  small,  and  is  rapidly  reduced  in  size  in  the  later 
vertebrse.  The  strong  pre-zygapophysial  processes  extend  upward  and  forward  as  far 
as  the  middle  of  the  centrum  of  the  preceding  vmrtebra ;  they  are  convex  externally, 
with  the  articular  facet  vertical,  and  looking  inward,  so  as  to  receive  the  post- 
zygapophysial  wedge  between  them.  This  wedge  in  the  earlier  caudals  is  about 
1  ‘8  centim.  wide  ;  the  bone  above  it  rises  into  a  neural  spine,  which  is  broken  away, 
except  for  an  indication  that  its  moderately  convex  sides  converged  forward  into  a 
sharp  anterior  ridge  which  inclines  backward  as  it  ascends.  The  transverse  width 
over  the  pre-zygapophyses  in  the  earlier  caudals  was  about  4  centims. 

As  the  rounded  pre-zygapophysial  ridge  descends  it  becomes  constricted  a  little 
from  side  to  side,  and  deeply  concave  on  its  anterior  margin,  to  form  the  inter¬ 
vertebral  foramen,  and  less  concave  on  its  posterior  border,  and  then  is  directed 
outward,  to  form  the  base  for  the  transverse  process.  This  process  is  here  a  separate 
ossification  or  caudal  rib  which  is  attached  high  upon  the  side  of  the  vertebra,  partly 
on  the  neural  arch  and  partly  on  the  centrum  ;  the  depth  of  this  attachment  appears 
to  increase  to  the  fourth  and  fifth  caudal  vertebra,  where  it  exceeds  3  centims.  The 
third  and  fourth  processes  are  between  5  and  6  centims.  long.  The  superior  surface 
of  the  process  is  convex  from  front  to  back,  and  narrows  as  it  extends  downward  and 
outward  to  the  compressed  free  end,  which  is  I'o  centim.  wide,  and  less  than  half  a 
centimetre  thick.  Its  anterior  and  posterior  margins  are  sharp,  with  these  ridges  placed 
superiorly,  so  that  the  inferior  surface  is  the  more  convex.  In  the  later  vertebra)  the 
transverse  processes  appear  to  be  inclined  a  little  backward  ;  they  obviously  have 
small  basal  attachments,  but  appear  to  have  been  lost  from  tbe  last  five  ver¬ 
tebrse.  The  centrum  was  deeply  concave  in  the  early  vertebi'se,  but  there  is  an 
appearance  like  that  seen  in  the  vertebrse  referred  by  Owen  to  D.  tigriceps  (Plate  16, 
fig.  2),  only  less  marked,  as  though  the  substance  of  the  notochord  were  in  process 
of  ossification,  a  condition  which  I  regard  as  showing  that  relative  depth  or  flatness 
of  the  articular  face  of  the  centrum  can  have  no  value  as  a  generic  character 
(Plate  16,  fig.  3).  The  articular  face  of  the  last  centrum  preserved  is  only  slightly 
concave,  with  a  moderate  central  depression. 

The  neural  canal  is  small,  but  it  does  not  appear  to  decrease  in  size  as  it  extends 
backward. 

All  record  of  the  sacrum  with  which  the  specimen  was  associated  had  been  lost. 
But,  at  my  request,  Mr.  A.  Smith  Woodward,  F.G.S.,  made  inquiries  from  which  it 
results  that  Mr.  Barlow,  the  “mason”  wdio  developed  the  specimens,  indentifies  the 


.VND  CLASSIFICATION  OF  THE  FOSSIL  REPTILIA. 


255 


sacrum  and  pelvis  referred  by  Sir  PticiiARD  Owen  to  Platijpodosaurus  rohustus  as 
the  missing  fossil.  I  have  attempted  to  fit  the  specimens  together  ;  but  the  caudal 
vertebrae  are  larger  than  might  have  been  expected  from  the  size  of  tlie  sacrum,  and 
a  vertebra  or  two  must  be  missing  if  the  specimens  are  parts  of  one  animal.  On  this 
point  there  appears  to  be  no  doubt,  since  Mr.  William  Davies,  F.G.S.,  who 
superintended  the  development,  states  that  he  remembers  the  association  of  this  tail 
with  the  remains  which  were  subsequently  referred  to  Platy podosaurus.  The  generic 
difference  of  this  pelvis  from  the  forms  which  have  been  attributed  to  Dicynodom  is 
obvious  ;  but  it  is  not  improbable  that  a  skull  already  referred  to  Dicynodon  may  be 
associated  with  the  remains. 

The  Scapidar  Arch. 

In  all  Anomodonts  the  scapular  arch  probably  includes  the  same  elements,  which 
are : — an  inter-clavicle,  clavicle,  scapula,  pre-coracoid,  and  coracoid.  In  some  types  there 
is  a  sternum  also,  but  there  is  no  reason  for  supposing  that  this  bone  is  always  ossified. 

In  mode  of  grouping  and  arrangement  of  the  bones  there  is  a  close  resemblance  to 
the  Monotremata,  the  only  group  in  which  the  pre-coracoid  is  similarly  distinct. 
But  in  Procolophon  it  will  be  shown  that  tliere  is  a  sutural  union  between  pre-coracoid 
and  coracoid  ;  not  unlike  that  which  has  been  demonstrated  in  other  Anomodonts,  and 
this  leads  me  to  believe  that  the  ordinary  Beptilian  type  of  coracoid,  which  is  per¬ 
forated  in  many  types  exactly  as  is  the  pre-coracoid,  is  probably  the  result  of  the 
obliteration  of  that  suture,  so  that  the  coracoid  in  Reptiles  may  be  held,  especially  when 
perforated,  to  comprise  both  bones  ;  and,  therefore,  the  persistence  of  the  pre-coracoid 
suture  in  Anomodonts  may  rather  indicate  a  line  of  descent  than  a  direct  affinit_y  ; 
and,  judging  from  absence  of  the  suture  in  some  Amphibians,  like  Cryptohranchus,  in 
which  this  part  of  the  skeleton  may  be  unossified,  I  am  not  disposed  to  regard 
division  of  this  element  into  pre-coracoid  and  coracoid  as  conclusive  against  Reptilian 
affinity,  or  as  showing  affinity  with  Monotremes,  wdiich  might  at  first  have  been 
surmised.  The  difference  from  both  Reptile  and  Mammal  is,  however,  of  an  ordinal 
kind ;  and,  so  far,  the  Anomodont  characters  help  to  show  that  only  one  more  ordinal 
type  is  required  to  complete  the  gradation  between  these  classes.  The  united  pre¬ 
coracoid  and  coracoid  in  Procolophon  make  a  bone  elongated  in  the  antero-posterior 
direction,  which  may  be  compared  in  length  and  form  with  the  coracoid  of  Plesiosaurs 
and  certain  Ichthyosaurs,  and  among  existing  Reptiles  with  IPitteria. 

On  the  Anomodont  Scapula. 

The  scapula  appears  to  be  more  variable  than  any  other  bone  in  the  Anomodont 
skeleton.  In  Keirognatlms  cordylus  I  have  described  an  elongated  slender  type,  like 
the  bone  in  Kistecephalus.  The  specimen  No.  36,272  is  imperfect  at  its  junction  with 
the  coracoid  (Plate  15,  fig.  4),  but  shows  a  distinct  constriction  or  neck,  external  to  the 
articulation,  because  a  moderate  acromion  process  is  developed  on  the  anteiior  margin  ; 
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and  the  bone  widens  in  a  wedge-shape  as  it  curves  backward  and  inward.  The 
externa]  surface  is  concave  from  side  to  side,  and  the  internal  surface  is  convex  in 
the  same  direction.  The  posterior  margin  is  thickened,  and  the  anterior  margin 
compressed,  and  both  these  margins  are  concave  in  length.  The  free  end  of  the  bone 
appears  to  be  convex  from  side  to  side. 

The  bone  figured  by  Sir  R.  Owen  as  the  scapula  of  Dicynodon  leoniceps  (‘  South 
African  Catalogue,’  Plate  70,  fig.  1)  is  essentially  of  the  same  type,  but  with  the 
wedge-like  blade  relatively  more  expanded  towards  its  extremity.  The  posterior 
border  appears  to  be  thickened,  and  the  anterior  margin  is  compressed  and  thin  ;  but 
the  acromion  is  not  seen,  probably  because  only  the  internal  aspect  of  the  bone  is 
exposed,  and  the  proximal  part  of  the  anterior  border  is  invested  in  matrix.  The 
internal  or  visceral  aspect  is  bow-shaped  in  length,  and  the  strong  concavity  may 
be  supposed  to  correspond  with  tlie  external  curvature  of  the  ribs.  The  bone  is 
28  centims.  long.  Its  proximal  end  is  thickened,  and  11  centims.  wide.  It  is 
divided  by  a  short  deep  notch  or  groove  into  two  articular  parts,  a  posterior  portion 
about  7  centims.  wide,  which  gave  attachment  to  the  coracoid  l^one,  which  is  not 
preserved,  and  an  anterior  part  over  4  centims.  wide,  which  articulated  with  the  pre¬ 
coracoid,  a  bone  represented  in  Sir  R.  Owen’s  figure,  but  described  as  coracoid.  It 
is  stated  that  the  coracoid  exemplifies  the  broad  and  short  type  with  the  large 
“axillary”  perforation  (p.  35).  But,  although  this  specimen  is  described  as  the 
articular  end  of  the  right  scapula  with  “  the  coracoid,”  it  seems  to  me  that  the  entire 
length  of  the  scapula  is  preserved,  though  the  proximal  anterior  corner  of  the  bone  is 
broken  away.  The  pre-coracoid  is  imperfect,  and  too  imperfectly  preserved  to  give 
any  idea  of  its  shape.  The  anterior  margin  is  very  thin.  Opposite  the  perforating 
notch  in  the  scaj^ula  is  a  corresponding  large  U-shaped  notch  in  the  pre-coracoid, 
which  appears  to  be  what  is  commonly  termed  the  coracoid  foramen.  It  is  about 
2 ’5  centims.  deep  and  2  centims.  wide. 

Another  specimen,  No.  36,272,  I  regard  as  the  left  scapula  and  pre-coracoid,  both 
very  imperfect  and  exposing  the  external  surface  of  both  bones.  The  scapula  is  only 
preserved  as  far  as  the  acromion  process,  which  curves  forward  and  downward,  so 
making  a  flattened  transverse  surface  for  the  clavicle  to  rest  upon.  It  encloses  a 
space  between  the  clavicle  and  pre-coracoid.  The  scapular  articulation  is  greatly 
thickened,  semi-circular,  transver.se  to  the  external  surface  ;  and  the  internal  surface 
for  the  coracoid  widens  the  bone  into  a  laro^e  sub-triano-idar  mass.  There  is  no 
external  indication  of  division  between  the  pre-coracoid  and  coracoid  surfaces  of  the 
bone,  except  that  the  pre-coracoid  plate  is  obviously  compressed  and  thin.  The 
clavicle  is  sigmoid,  expanded  at  the  ends,  wdiich  are  at  right  angles  to  each  other. 
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Coracoid  Bones  of  an  Anomodont.  (Plate  15,  figs.  5,  6.) 

A  specimen  numbered  3G,286  consists  of  a  pair  of  coracoids.  On  the  ventral  surface, 
stretching  in  a  line  at  right  angles  to  the  anterior  margin  of  the  left  bone,  are  four 
dorsal  vertebrse,  a  good  deal  flattened  and  distorted,  which  extend,  as  preserved,  over  a 
space  of  about  8  centims.,  but  they  lie  about  half  a  centimetre  apart,  each  centrum 
being  ]  ‘5  centim.  long. 

I  presume  that  the  pre-coracoid  joined  the  straight  suture  on  the  anterior  margin  ; 
that  the  inter-clavicle  joined  the  internal  inai’gin,  which  is  exceedingly  thin ;  and  the 
thicker  posterior  margin  joined  the  &ternum.  The  bone  has  a  thickened  ovate  external 
articular  area,  3  centims.  deep  and  2  centims.  wide,  which  gave  attachment  to  the 
scapula  by  a  large  surface,  and  contributed  with  it  to  form  the  glenoid  articulation  for 
the  humerus.  In  form  it  may  be  regarded  as  a  segment  of  a  circle,  with  the  convex 
border  facing  toward  the  inter-clavicle,  and  the  humeral  articulation  forming  the 
narrow  border  toward  the  centre  of  the  circle.  The  greatest  transverse  width  of  the 
bone  is  about  6'3  centims.  The  greatest  antero-posterior  extent  is  7  centims.  The 
internal  border  is  regularly  convex  from  front  to  back  ;  it  is  thin,  not  more  than 
4  millims.  thick  in  the  middle,  but  becomes  about  a  centimetre  thick  at  the  posterior 
extremity.  This  thickening  is  seen  on  both  sides  of  the  bone,  and  it  helps  to  define  the 
concave  visceral  surface  of  the  iriternal  aspect,  as  well  as  a  slight  concavity  on  the 
posterior  part  of  the  external  aspect,  besides  giving  rise  to  a  flattened  oblique  posterior 
area  a  centimetre  wide,  which  looks  backward,  outward,  and  upward.  The  extreme 
measurement  from  the  posterior  extremity  of  the  bone  to  the  humeral  surface  (in  a 
straight  line)  is  5 ‘5  centims.,  but  the  posterior  outline  of  the  bone  is  concave,  forming  a 
wide  arch  behind  the  articular  surface  for  the  humerus,  with  the  contour  straightening 
as  it  extends  backward,  and  ultimately  rounding  convexly  on  to  the  internal  margin 
of  the  bone. 

The  nearly  straight  anterior  margin  of  the  bone  is  less  than  4  centims.  long. 

Immediately  behind  the  articular  surface  is  the  pre-coracoid  notch,  about  half  a 
centimetre  wide  and  nearly  as  deep,  which  contributed  the  posterior  border  to  a 
foramen,  paid  of  the  contour  of  which  was  formed  by  the  pre-coracoid,  and  part  by  the 
scapula.  The  straight  anterior  sutural  border  is  narrow,  transverse  to  the  axis  of  the 
bone,  concave  on  the  visceral  surface,  convex  externally,  7  millims.  thick.  At  this 
notch  the  extent  of  the  bone  from  front  to  back  is  about  3  centims.,  and  at  the 
articular  surface  it  measures  a  few  millimetres  more.  The  anterior  and  superior  pari, 
of  the  surface  gave  attachment  to  the  scapula,  while  the  ovate  postero-inferior  surface 
was  for  the  humerus. 
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The  Left  Pubic  Bone  of  Titanosuchus  ferox.  (Plate  16,  fig.  4.) 

The  forms  of  pubis  among  Anomodonts  vary  chiefly  in  the  position  and  direction  of 
the  perforating  foramen  and  extent  of  union  with  the  ischium.  Sir  R.  Owen  has 
catalogued  one  type  as  “  the  coalesced  humeral  ends  of  the  right  scapula  and 
coracoid  of  Pareiasaurus  bomhidens”  from  Vers  Fontein;  and  has  given  the  same 
osteological  interpretation  to  a  similar  specimen  referred  to  Dicynodon  leoniceps,  from 
Graaff-Reinet.  In  these  specimens  the  obturator  foramen  is  narrow  and  extended 
transversely  ;  its  direction  is  inward  and  upward. 

Another  type  is  seen  in  the  specimen  described  in  the  same  catalogue  as  the  left 
os  innominatum  of  Dicynodon  leoniceps,  Plate  XXVIII.  Here  the  obturator  foramen 
of  the  pubis  has  a  more  anterior  position,  and  is  directed  obliquely  forward  so  as 
to  emerge  on  the  inner  side  of  the  anterior  margin  of  the  pubic  bone  (Plate  XXVIII., 
fig.  2). 

The  bone  now  to  be  described  (Brit.  Mus.  49,367)  approaches  in  general  character  to 
the  latter  type,  but  is  larger,  is  pierced  by  the  foramen  for  a  greater  antero-posterior 
distance,  while  the  anterior  opening  of  the  foramen  is  hidden  by  a  sharp  anterior 
border  to  the  bone.  The  naiTow  transverse  median  articular  surface,  about  2 '5  centims. 
thick,  by  which  the  pubes  met  in  the  median  line,  would  indicate  that  the  position  of 
the  bone  was  ventral  and  horizontal,  and  nearly  at  right  angles  to  the  ilium. 

The  bone  is  greatly  thickened  at  the  acetabular  end,  where  it  unites  with  the  ilium  ; 
but  it  is  otherwise  a  moderately  thin  plate,  slightly  concave  between  the  acetabulum 
and  the  median  suture,  measures  20  centims.  wide,  and  is  convex  from  front  to  back 
anterior  to  the  obturator  foramen.  The  anterior  margin  is  strongly  concave,  but  The 
concavity,  which  is  7  centims.  deep  proximally,  becomes  narrower  distally,  and  twisted 
inward  so  as  to  merge  in  the  visceral  surface,  which  is  saddle-shaped  at  the  anterior 
end,  and  otherwise  flattened,  so  that  the  two  opposite  sides  converged  downward  in  a 
broad  V-shape. 

The  articular  end,  which  is  sub-triangular,  with  the  short  side  in  front,  is  about 
20  centims.  long,  by  12  centims.  deep.  It  is  divided  by  a  longitudinal  angle  into  an 
inferior  acetabular  part,  about  7  centims.  deep,  and  a  superior  iliac  surface  of  similar 
depth,  which  was  longer. 

The  posterior  or  ischiac  border  of  the  bone  is  fractured,  so  that  it  is  not  possible  to 
judge  of  the  exact  size  of  this  transversely  sub-ovate  bone  ;  but  the  anterior  extent  of 
the  ischio-pubic  symphysis  is  a  distinction  from  the  Dicynodont  types,  while  the 
relatively  small  size  of  the  pre-pubic  tuberosity  is  a  distinction  from  Phocosaurus. 
That  tuberosity  may  be  indicative  of  affinity ;  for,  if  it  covered  the  whole  anterior 
border  of  the  bone,  the  Anomodont  pubis  w^ould  be  more  easily  compared  with  that 


*  ‘South  African  Catalogue,’  p.  II,  p.  35. 


AND  CLASSIFICATION  OF  THE  FOSSIL  REPTILIA. 


259 


of  a  Plesiosaur,  though  I  have  as  yet  seen  no  Sauropterygian  in  which  the  obturator 
foramen  passes  through  the  pubis,  or  in  which  there  is  an  extended  sutural  union 
between  the  pubis  and  isclhum. 

The  Limbs  of  Eurycarpus  Oweni  (Seeley).  (Plate  18.) 

The  only  evidence  of  the  relative  size  of  the  limbs  as  compared  with  the  vertebrae, 
in  addition  to  the  specimen  of  Keirognathus  cordylusf  is  afforded  by  a  sandstone  slab 
47  centims.  lonof,  which  is  a  natural  mould  including  the  neural  arches  of  the  anterior 
part  of  a  vertebral  column  wdth  a  number  of  dorsal  ribs.  It  appears  to  show  the 
femur,  and  the  whole  of  the  fore-limb.  Isolated  parts  of  this  slab,  showing  the  fore- 
limb  and  those  vertebrae  which  have  ribs  attached,  have  already  been  figured  by 
Sir  P.  Owen  in  the  ‘South  African  Catalogue,’  Plate  52,  pp.  53,  54,  regarded  as 
Dicynodont.  When  the  digits  from  this  specimen  were  reproduced  in  1880,  the 
figure  was  described  as  (?)  Dicynodon  (‘Geol.  Soc.  Quart.  Journ.,’vol.  36,  Plate  17,  fig.  5, 
p.  424).  I  am  unable  to  detect  evidence  which  would  prove  the  animal  to  be 
Dicynodont,  for  the  only  data  for  comparison  are  the  imperfectly  displayed  humerus 
and  dorsal  vertebrae  ;  and  in  neither  are  the  characters  such  as  have  been  found  in 
Dicynodon  or  its  known  allies.  The  humerus  appears  to  have  much  in  common  with 
that  of  Euchirosauriis,  but  is  of  a  different  generic  type,  and  may  conform  to  the 
Anomodont  plan.  The  vertebrae  are  too  imperfectly  exposed  to  show  the  relation  of 
the  centrum  to  the  neural  arch  ;  and,  although  the  neural  spines  are  very  short,  and 
the  transverse  process  short  and  stout,  there  is  no  vertebral  character  to  show  that 
the  animal  w^as  not  an  Anomodont.  An  impression  from  the  slab  gives  a  deceptive 
appearance  of  lozenge-shaped  dermal  armour,  which  results  from  fracture  of  the 
stone.  Although  armour  is  characteristic  of  Labyrinthodonts,  there  can  be  no 
reason  why  it  might  not  be  present  in  an  Anomodont.  Some  of  the  bones  of  the 
skeleton  w^ere  incrusted  with  a  concretionary  film,  and  this  has  adhered  to  the  ulna 
and  radius,  and  part  of  the  femur,  and  to  a  large  sub-triangular  bone  anterior  to  the 
humerus  and  parallel  to  the  cervical  vertebrae,  so  that  the  casts  of  those  bones  are  not 
sharp.  The  latter  sub-triangular  bone  appears  to  reseirrble  the  inter-clavicle  of 
Pareiasaurus  in  form,  though  its  positioir  is  that  of  a  scapula  ;  and  it  is  too  imperfectly 
exposed  to  be  determined  with  certainty.  It  is  about  10  centims.  long,  and  4  centims. 
wide  in  the  middle,  with  each  of  the  three  sides  concave.  Taken  in  association  with 
the  other  characters,  the  bone  may  veil  be  an  inter-clavicle,  and  the  fossil  would 
probably  be  a  Pareiasaurian.  Partly  overlapping  the  humerus  are  fragmerrts  of  bones 
of  the  shoulder  girdle,  but  too  imperfect  for  determination. 

The  neural  arches  of  six  dorsal  vertebrae  extend  over  10  centims.  The  neural  spines, 
which  are  very  imperfectly  preserved,  appear  to  have  been  short  in  the  dorsal  region, 
and  longer  and  more  compressed  from  side  to  side  in  the  neck.  In  a  few  vertebrae. 


*  ‘  Phil.  Trans.,’  B,  1888. 
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between  the  neck  and  the  back,  metapophyses  appear  to  be  developed.  The  zygapo- 
physes  are  strong,  prominent,  directed  upward  and  outward  ;  they  are  separated  by 
a  deep  notch.  Below  this  notch  is  a  strong,  short,  massive  transverse  pi’ocess  which  is 
rounded  superiorly,  and  to  tliese  processes  I  suppose  the  ribs  to  have  been  attached, 
though  they  are  now  displaced  to  a  lower  level.  There  is  no  indication  of  the  base  of 
the  centrum,  but,  as  the  vertebral  column  is  nearly  straight,  and  the  vertebrae  vertical, 
they  may  be  presumed  to  have  the  base  flattened.  The  seven  dorsal  ribs  are  each 
about  ]  4  centims.  long,  rather  slender,  curved,  contracting  at  the  abdominal  end  to 
about  half  the  diameter,  rounded  on  the  under  side,  flattened  above  with  a  slight  ridge 
on  the  posterior  raai-gin,  which  makes  the  side  of  the  rib  slightly  concave.  The  last 
rib  but  one  shows,  apparently,  the  expanded  articular  end.  It  is  concave  from  above 
downward  so  as  to  overlap  the  rounded  transverse  process,  and  the  superior  process  of 
the  rib  appears  to  be  perforated  by  a  foramen.  The  depth  of  the  articular  end  is  7  mm. 

The  distal  end  of  the  femur  apparently,  with  its  (?)  proximal  end  seen  at  one 
extremity  of  the  slab,  would  show  the  bone  to  be  11  centims.  long.  The  shaft  expands 
towards  the  distal  end,  where  it  is  about  3‘5  centims,  wide,  convex  transversely  on  the 
superior  side,  with  the  articulation  moderately  rounded  downward  and  backward,  though 
the  distal  end  is  imperfectly  exposed.  The  left  humerus  is  short,  about  5'5  centims. 
long,  and  broadly  expanded  at  both  proximal  and  distal  ends,  which  are  nearly  at  right 
angles  to  each  other.  The  proximal  end  is  about  4‘5  centinrs.  wide,  with  the  articular 
surface  extended  transversely  as  in  most  Anomodonts,  and  a  small  but  prominent 
rounded  tuberosity  in  the  middle  of  the  superior  margin.  The  radial  margin  of  the 
proximal  end  is  produced  outward  as  a  thin  process  more  proximal  in  position  than  is 
usual.  At  2  centims.  below  the  proximal  articulation,  and  well  above  the  middle 
of  the  bone,  is  a  large  foramen  on  the  I’adial  side  in  the  cast,  about  7  mm.  in  diameter, 
but  it  is  caused  by  a  boss  of  phosphatic  matter  which  adheres  to  the  slab.  The  distal 
expansion  of  the  humerus  begins  at  a  little  more  than  1  centim.  below  the  proximal 
articulation,  and  it  evidently  developed  a  strong  process  on  the  external  side,  which  is 
broken  av/ay,  for  the  fractured  suiTace  is  nearly  3  centims.  long  and  about  half  as 
wide.  The  distal  end  was  evidently  compressed  laterally  on  the  Anomodont  plan, 
but  the  articular  surface  is  imperfectly  exposed. 

The  radius  and  ulna  cross  each  other,  so  that  the  proximal  end  of  the  ulna  is  thrown 
behind  the  radius,  which  thus  becomes  partly  exposed  at  its  proximal  end.  The  radius 
is  the  stronger  bone,  2 ’3  centims.  wide  at  the  articulation,  which  is  transversely 
truncated.  Its  dimensions  become  smaller  as  it  extends  distally. 

The  ulna  is  8 '2  centims.  long.  It  appeal’s  to  have  a  slight  sigmoid  flexure,  inclining 
a  little  forward  at  the  larger  proximal  end,  which  is  fidly  2  centims.  wide,  and  slightly 
backward  at  the  distal  end,  which  is  about  12  milhms.  wide.  The  external  surface  is 
somewhat  flattened.  There  is  a  doubtful  indication  of  an  olecranon  ossification.  The 
distal  end  is  rounded.  The  bone  is  much  more  slender  than  the  large  Dicynodont 
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bones  already  described,  and  there  is  no  evidence  whether  its  proximal  end  received 
the  radius  in  the  same  way  in  a  groove  as  in  the  bones  presently  to  be  described. 

The  hand  is  folded  back  so  as  to  expose  the  inferior  aspect  of  part  of  the  carpns, 
the  ineta-carpns,  and  the  five  digits.  The  width  at  the  carpus  is  fully  4  centims  .  and 
the  length  of  the  meta-carpus  and  phalanges  is  5  centims.  The  entire  length  of  the 
fore-limb  is  about  18  centims. 

The  distal  row  of  the  carpns  appears  to  include  four  bones. 

The  meta-carpal  bones  become  more  elongated  from  the  first  to  the  fourth,  and  the 
fifth  is  only  a  little  shorter.  At  the  same  time  the  middle  of  the  shaft,  which  at  first 
is  scarcely  defined,  gradually  becomes  slender,  though  the  terminal  ends,  and  especially 
the  distal  ends,  do  not  become  narrower.  The  first  meta-carpal  is  9  millims.  long,  and 
nearly  quadrate  ;  i  he  fourth  is  3  centims.  long.  Tn  the  first  digit  there  are  two 
phalanges,  in  the  others  three  phalanges.  These  bones  are  short  and  broad,  well 
ossified,  with  well  defined  articular  ends  and  lateral  constrictions,  but  the  terminal 
conical  claw  phalange  is  relatively  large,  and  in  the  middle  digit,  in  which  it  is  longest, 
measures  1'6  centim.,  and  in  every  digit  it  is  longer  than  any  other  phalange.  The 
claws  curve  a  little  downward,  are  rather  flattened  on  the  under  side  in  front,  and 
compressed  behind. 

The  specimen  may  be  named  Earycarpus  Oiveni. 

Femur  Titanosuchus  ferox  (Owen).  (Plate  19.) 

The  limb  bones  which  are  marked  in  the  British  Museum  Register  as  associated 
with  the  skull  fragments  named  by  Sir  B.  Owen  Titanosuchiis  ferox,  comprise,  besides 
smaller  pieces,  a  femur  and  a  humerus.  The  remains  of  the  femur  have  been  put 
together  by  the  British  Museum  masons  with  great  skill,  and  I  have  no  doubt  their 
restoration  exhibits  accurately  the  complete  form  of  an  Anomodont  femur  more  perfect 
than  that  attributed  to  Dicynodon  leoniceps.  The  specimen  is  numbered  49,368.  It 
is  a  straight  stout  bone,  flattened  in  the  vertical  oPantero-posterior  direction,  and  only 
moderately  exp^mded  at  the  extremities,  as  compared  with  the  humeri  of  Dicynodon. 
Its  extreme  length  from  the  articular  head  to  the  outer  condyle  is  615  centims.  The 
shaft  is  most  constricted  in  its  lower  third,  and  the  proximal  end  is  more  expanded 
transversely  than  the  distal  end,  and  twisted  a  little  inward  so  as  to  be  inclined  to  it 
at  a  slio’ht  anMe. 

O  O 

The  inferior  aspect  of  the  bone  is  flattened,  but  for  the  development  of  the  condyles 
at  the  distal  end.  The  transverse  width  over  the  condyles  exceeds  20  centims.  The 
rounded  convexities  of  the  inferior  surface  are  worn  away.  The  inner  or  tibial  condyle 
had  a  vertical  extent  of  14  centims.,  and  a  transverse  width  in  the  middle  of  about 
8  centims.  The  fibular  condyle  is  developed  so  as  to  extend  2 '5  centims.  distally  beyond 
the  other  condyle.  The  posterior  surface  of  tins  condyle  has  a  vertical  measurement 
at  11  centims.,  and  a  transverse  measurement  of  about  9  centims.  The  inter-condylar 
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space  is  3 ‘5  ceiitims.  wide,  and  extends  as  a  shallow  concave  channel  between  the 
distal  parts  of  the  condyles ;  it  rounds  convexly  on  to  the  broad  shallow  saddle  of  the 
middle  of  the  distal  articular  surface.  The  posterior  surface  of  bone  between  the 
upper  parts  of  the  condyles  is  a  shallow  concavity,  and  the  surface,  which  becomes 
flatter  as  it  extends  proximally,  is  slightly  concave  in  length,  but  gives  to  the  eye  the 
aspect  of  being  flattened.  It  is  about  30  centims.  long,  and  9  centims.  wide  in  the 
middle,  aud  widens  a  little  proximally  and  distally.  Its  external  border  is  the  external 
margin  of  the  bone,  which  is  concave  in  length,  and  forms  a  sharp  ridge  proximally, 
and  is  more  rounded  distally  towards  the  condyle.  Its  internal  border  is  a  slight 
ridge  which  descends  from  the  inner  margin  of  the  obturator  pit  concavely  towards 
the  outer  border  of  the  tibial  condyle,  without  quite  reaching  it ;  so  that  it  appears 
to  divide  the  proximal  half  of  the  hinder  surface  of  the  bone  into  an  external  area, 
which  is  slightly  concave,  and  an  internal  area,  which  is  strongly  convex,  rounding 
on  to  the  superior  or  anterior  surface.  The  thickness  of  the  bone  through  the  condyles 
is  about  1 2 ‘5  centims.  ;  while  the  thickness  between  the  condyles  is  10  centims.  On 
the  aiiterior  aspect  the  inner  condyle  has  a  sub-globate  form,  well  rounded ;  while  the 
external  condyle  is  laterally  compressed  so  as  to  rise  into  a  blunt  ridge,  which  is 
prolonged  for  a  third  of  the  length  of  the  shaft,  and  then  subsides  into  a  slight  ridge 
which  extends  outward  towards  the  proximal  trochanteric  extremity  of  the  bone. 
This  ridge  defines  the  external  surface  of  the  shaft,  which  looks  outward  and  a  little 
upward,  widens  distally,  is  concave  in  length,  and  somewhat  convex  in  the  direction 
of  thickness  of  the  shaft.  The  narrowiiess  of  the  proximal  part  of  the  lateral  area  is 
coincident  with  vertical  compression  of  the  proximal  part  of  the  shaft. 

On  the  internal  side  of  the  distal  end  of  the  shaft  there  is  a  blunt  lonoitudinal 

O 

ridge,  which  makes  the  superior  front  part  of  the  area  concave,  .nnd  the  inferior 
posterior  part  longitudinally  convex.  This  ridge,  as  it  descends,  is  inclined  backward 
at  an  angle  to  the  axis  of  the  shaft.  The  proximal  part  of  the  shaft  widens  on  both 
the  inner  and  outer  borders  ;  but  the  articular  head  is  inclined,  as  usual,  upward  and 
inward,  forming  a  large  sub-hemispherical  convexity,  which  inflates  the  superior 
anterior  aspect  of  the  bone,  making  it  convex  in  the  transverse  direction,  and  concave 
in  length,  but  flattened,  or  even  a  little  concave,  on  the  outer  side.  Seen  from  the 
proximal  extremity,  the  articular  head  is  sub-reniform,  being  rather  concave  behind. 
It  is  worn,  but  appears  to  be  20  centims.  wide,  and  10  centims.  from  front  to  back,  so 
that  it  is  somewhat  compressed  from  front  to  back,  and  flattened  posteriorly.  It 
becomes  narrower  as  it  extends  outward,  and  retreats  in  a  convex  curve.  The  reo-ion 
of  the  external  angle  or  great  trochanter  is  broken  away,  but  the  compression  of  the 
bone  does  not  suggest  the  presence  of  any  strong  trochanteroid  process. 

The  obturator  pit  is  a  shallow  depression  which  is  imperfectly  excavated,  which  lies 
external  to  the  median  longitudintd  ridge  already  described  on  the  posterior  aspect  of 
the  bone,  and  which  dies  away  at  about  14  centims.  from  the  proximal  extremity  of 
the  bone.  The  pit  is  limited  inferiorly  by  a  slightly  elevated  ridge  with  a  concave 
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border,  17  centims.  from  the  proximal  extremity,  and  not  less  than  6  centims.  wide. 
There  are  some  indications  of  a  second,  but  slightly  impressed,  muscular  attachment 
extending  distally  below  this  ridge. 

The  difterences  of  this  femur  from  the  corresponding  bone  in  the  giant  Salamanders 
of  Japan  are  tliat  in  the  living  type  the  proximal  half  of  the  bone  is  rotated  uy)ward 
at  right  angles  to  the  distal  end  and  that  the  condyles  are  not  ossified ;  but  the  result 
is  that  the  trochanteroid  processes  on  the  under  side  of  the  proximal  end  similarly 
define  a  shallow  pit,  comparable  to  that  of  the  obturator  pit  in  the  fossil.  The  ridge 
which  ascends  from  the  internal  condyle  to  the  trochanter  may  be  identical  in  both 
types,  so  that,  allowing  for  the  difference  in  ossification,  there  is  more  similarity  than 
might  have  been  expected  between  the  two  types.  In  Hatteria  the  bone  is  less 
compressed  in  the  shaft,  and  has  a  much  greater  development  of  the  iufero-anterior 
proximal  trochanter.  Sir  R.  Owen  has  already  drawn  attention  to  the  Monotreme 
characters  in  the  Anomodont  femur. 


Ilumeviis  of  Titanosuchus  ferox  (Owen).  (Plate  20.) 

The  humerus  is  a  strong  bone  approximating  to  the  ordinary  Dicynodont  type, 
with  both  proximal  and  distal  ends  greatly  expanded,  but  more  nearly  in  the  same 
plane  than  in  smaller  animals.  It  is  53  cenilms.  long,  nearly  30  centims.  wide  over 
the  distal  condyles,  and  slightly  wider  over  the  proximal  end.  The  lateral  outlines 
are  concave,  so  that  the  transverse  measurement  over  the  middle  of  the  shaft  is 
reduced  to  13  centims.  The  specimen  exhibits  a  remarkable  development  of  the 
distal  condyles  on  the  inferior  aspect  of  the  bone,  which  is  unparalleled  among  other 
Reptilia,  the  vertical  extension  of  the  condyles  in  the  middle  of  the  shaft  measuring 
about  18  centims.,  or  fully  a  third  of  the  length  of  the  bone.  On  this  postero- 
inferior  aspect  the  outline  of  the  condyles  is  sub-triangular,  with  the  angles  rounded 
and  the  superior  border  convex  from  side  to  side,  and  rising  sharply  from  the  slmft. 
The  convexity  of  the  condyle  in  this  region  is  absent,  and  the  proximal  part  of  the 
surface,  on  which  a  filnrof  matrix  remains,  appears  to  be  flat.  The  thickness  through 
the  shaft  in  this  region  is  about  14  centims.  ;  and  the  measurement  is  scarcely  less 
through  the  globate  radial  condyle.  The  ulnar  condyle  is  comparatively  compressed, 
and  not  more  than  7  centims.  thick,  but  well  rounded  on  the  distal  surface  ;  in  the 
transverse  direction  a  moderately  wide  and  shallow  concavity  divides  the  smaller  ulnar 
region  from  the  large  radial  region.  On  the  superior  aspect  of  the  bone  this  concavity 
is  developed  as  a  shallow  triangular  area,  about  I  5  centims.  broad  and  as  high,  which 
is  defined  towards  the  radial  side  by  a  blunt  ridge.  The  area  is  gently  concave  ;  the 
surface  external  to  the  ridge  is  about  10  centims.  wude  and  flattened  ;  the  corre¬ 
sponding  surface  of  the  distal  part  of  the  shaft  on  the  ulnar  side  is  rounded  convexly 
towards  the  lateral  margin.  Both  lateral  margins  are  sharp  for  some  10  centims. 
above  the  condyles,  but  the  ridge  is  narrower,  sharper,  and  more  convex  in  its  lateral 
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outline  on  the  radial  side.  Above  the  radial  condyle  on  the  inferior  aspect  the  shaft 
is  oblique,  concave  from  above  downward,  and  becomes  somewhat  concave  trans¬ 
versely,  distally,  as  it  approaches  the  condyle.  On  this  area,  at  18  centims.  from  the 
distal  extremity  of  the  bone,  5  or  6  centims.  above  the  sharp  proximal  termination  of 
the  condyle,  and  3 ‘5  centims.  from  the  radial  margin,  is  the  supra-condylar  foramen. 
It  is  about  1'3  centim.  wide,  and  descends  obliquely  downward.  A  wide  notch  on  the 
margin  of  the  condyle  towards  the  lateral  ridge  may  have  carried  the  vessel  which 
issued  from  this  foramen.  The  foramen  is  situate  substantially  as  in  Cijnodraco, 
Brithoims,  and  Hatteria. 

On  the  ulnar  side,  the  distal  part  of  the  shaft  is  similarly  flattened,  concave  from 
within  outward,  with  a  deep  oblique  groove  facing  laterally,  defined  by  a  ridge  of 
bone  extending  over  the  depression.  At  22  centims.  from  the  distal  end,  and  about 
3 ’5  centims.  from  the  lateral  margin,  is  a  foramen  which  appears  to  be  of  the  same 
size  as  the  supra-condylar  foramen  on  the  radial  side.  Distally,  by  the  side  of  the 
sharp  Iciteral  margin,  above  the  condyle,  is  a  moderate  longitudinal  groove,  which  may 
have  carried  the  vessel  issuing  from  the  foramen.  This  foramen  is  present  in 
Dicynodonts  and  is  found  in  Hatteria. 

The  proximal  end  of  the  bone  is  only  preserved  on  the  inferior  surface.  It  shows 
the  articular  head  to  be  well  rounded  and  dnected  inward,  and  defined  from  the  radial 
side  of  the  bone  by  a  deep  concavity  which  extends  to  the  middle  of  the  shaft.  The 
extreme  measurement  from  the  head  of  the  bone  to  the  ulnar  condyle  is  45  centims. 
The  radial  crest  is  prolonged  proximally  far  beyond  the  head,  so  that  the  measurement 
from  the  proximal  border  to  the  extremity  of  the  radial  condyle  is  54  centims.  In  the 
transverse  direction,  the  space  between  the  head  of  the  bone  and  the  radial  crest  is 
concave.  The  proximal  extremity  of  the  radial  crest  is  about  14  centims.  in  transverse 
width,  convex  from  within  outward,  and  well  rounded  on  the  posterior  border.  It  is 
about  6 '5  centims.  thick,  and  is  reflected  downward  and  forward,  widening  the  bone, 
down  which  it  extends  for  more  than  half  its  length,  measuring  about  33  centims.  in 
length.  It  appears  to  become  narro\yer  as  it  extends  distally,  but  the  distal  develop¬ 
ment  is  imperfectly  preserved.  Its  external  or  anterior  surface  is  gently  convex  in 
the  vertical  direction,  smooth,  and  has  an  unbroken  concave  contour  from  the  rounded 
summit  of  the  crest  to  the  condyle  at  the  distal  end,  where  the  concavity  is  more 
marked,  and  also  developed  transversely. 

The  humerus  shows  some  general  approximation  of  plan  to  that  of  the  giant 
Salamanders  in  the  expansion  of  the  extremities,  the  thickening  of  the  distal  end  of 
the  shaft,  the  superior  concavity  between  the  condyles,  and  the  development  of  the 
radial  crest. 

In  Hatteria  the  resemblance  of  the  contour  of  the  humerus  to  that  of  an  Anomodont 
is  so  close  as  to  amount  almost  to  identity  of  plan,  the  chief  differences  being  that 
in  Hatteria  the  radial  crest  is  much  less  developed  and  that  the  extremities  of  the 
bone  are  less  massive. 


A-^D  CLASSIFICATION  OP  THE  FOSSIL  REPTILIA. 


2Iio 


Fihula  of  Titanosuclius  fevox.  (Plate  21.) 

Pight  fibula. — A  bone  whicli  was  broken  in  two  and  has  been  restored  exhibits  a 
flattened  hour-glass-like  form,  with  oblique  articular  ends,  a  concave  internal  contour 
which  shows  a  flattened  ovate  surface  proximally,  presumably  for  contact  with  the 
tibia,  though  a  similar  surface  exists  on  the  proximal  end  of  the  radius  in  No.  3<3,259, 
named  Dicynodon  tigriceps  (Owen.)  The  external  contour  is  so  much  less  concave  as 
to  be  almost  straight.  The  extreme  length  of  the  bone  is  about  29  centims.,  so  that 
it  was  less  than  half  as  long  as  the  femur.  This  is  exactly  the  proportion  in  the  giant 
Salamanders  of  Japan,  and  establishes  the  Amphibian  proportions  of  the  limbs  in 
Titanosuclius  fevox. 

The  proximal  end  is  12 ‘5  centims.  broad,  and  may  have  been  as  thick  as  the  distal 
end,  but  the  external  surface  of  the  proximal  end  is  broken  away.  It  appears  to  have 
been  transversely  ovate  and  convexly  rounded.  The  inferior  surface  of  the  shaft  is 
flattened  transversely,  but  still  is  a  little  convex,  while  it  is  markedly  concave  in 
length.  The  transverse  measurement  in  the  middle  of  the  shaft  is  less  than  9  centim.s., 
and  the  thickness  is  there  reduced  to  5' 5  centims.  ;  but,  distally,  the  bone  expands 
in  both  dimensions.  Its  transverse  width  at  the  distal  surface,  which  is  imperfect 
towards  the  tibia,  does  not  appear  to  have  exceeded  12  centims.,  while  its  thickness 
may  have  been  11  centims.  Its  outline  is  sub-ovate.  The  articular  surface  is  flattened 
in  the  antero-posterior  direction,  and  oblique  and  convex  from  the  tibial  margin 
downward  and  outward.  There  is  some  appearance  of  the  surface  towards  the  tibia 
I)eing  inclined  more  obliquely  inward,  as  though  it  had  helped  to  support  a  tarsal  bone 
which  was  lodged  between  the  tibia  and  fibula.  The  distal  end  is  greatly  thickened 
on  the  inner  side  of  the  shaft.  All  the  surfaces  of  the  shaft  are  well  rounded  in  the 
transverse  direction,  and  moderately  concave  in  the  vertical  direction. 

The  Ulna.  (Plates  22  and  23.) 

Besides  the  ulna,  No.  43,525,  catalogued  by  Sir  P.  Owen  as  the  right  ulna  of 
Pareiasaurus  homhidens,  there  are  two  smaller  specimens  in  the  British  Museum, 
registered  respectively  as  No.  36,249  and  No.  49,389.  Taken  in  connection  with  the 
other  specimens,  these  isolated  examples  demonstrate  the  nature  and  development  of 
the  epiphyses,  and  prove  these  elements  of  the  bone  to  have  been  quite  as  large  and 
as  well  developed  in  Anomodonts  as  in  Urodeles,  as  far  as  external  contour  is 
concerned,  for  there  is  no  trace  of  the  epiphysial  element  having  penetrated  the 
shaft.  Proximally,  the  fully  ossified  ulna  is  prolonged  in  a  massive  olecranon  process, 
and  this  ossification  included  the  whole  of  the  concave  articular  surface.  In  the 
specimen  49,389,  which  was  forwarded  by  Mr.  Bain  with  many  bones  which  were 
referred  to  Dicynodon  tigriceps,  the  surface  is  seen  from  which  the  epiphysis  has  come 
away  ;  and  it  proves  to  be  convex,  and  so  even  that  the  extent  of  tbe  epiphysis  it 
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carried  could  not  have  been  suspected  without  the  evidence  from  the  specimen  43,525. 
The  distal  epiphysis  was  quite  as  singular,  for  it  comes  away,  leaving  a  concave 
surface  on  the  shaft  (Plate  23,  figs.  2,  3),  which  has  a  sharp  margin  on  the  superior 
surface,  and  allows  the  epiphysis  to  extend  for  some  distance  proximally  on  what  may 
be  termed  the  inferior  aspect  of  the  shaft.  In  their  well  ossified  character  and  large 
size,  transverse  separation  from  the  shaft,  and  union  with  it  in  the  adult,  these 
epiphyses  are  unparalleled  among  Reptilia,  and  in  all  these  respects  are  comparable 
to  the  similar  ossifications  in  the  long  bones  of  Mammals.  From  the  differences  of 
proportion  and  form,  the  specimens  36,249  and  4-9,389  may  be  regarded  as  different 
species  of  the  same  genus,  and  provisionally  referred  to  Dwynodon',  but  No.  43,525 
differs  in  ways  which  may  well  be  generic. 

The  specimen  is  32  centims.  long,  and  is  a  massive  bone  which  terminates 
proximally  in  an  olecranon  process  (Plate  22,  fig.  1),  which  is  larger  than  the 
expanded  distal  end,  and  helps  to  form  the  large  obliquely  concave  articular  surface 
for  the  humerus,  which  extends  forward  so  as  to  widen  the  proximal  end  of  the  bone 
to  about  22  centims.,  while  the  width  of  the  distal  end  is  13  centims.,  and  the  least 
width  of  the  shaft,  at  10  centims.  from  the  distal  end,  is  9 '5  centims. 

The  internal  aspect  of  the  bone  is  comparatively  flat,  being  slightly  concave  in 
length  and  slightly  convex  transversely,  with  the  proximal  and  distal  borders  slightly 
elevated.  The  impression  on  the  upper  part  of  the  bone  is  the  result  of  crushing. 

The  anterior  border  between  the  proximal  and  distal  articulations  is  17  centims. 
long,  straight  in  the  middle,  and  becomes  curved  forward  at  each  end  towards  the 
proximal  and  distal  articular  surface. 

The  posterior  contour  of  the  shaft  is  concave  at  the  distal  end,  but  diverges  back¬ 
ward  as  it  extends  proximally,  and  becomes  a  convex  curve,  which  is  continued  on  to 
the  j^roximal  surface  of  the  olecranon. 

The  bone  is  compressed  from  side  to  side,  but  a  rounded  ridge  extends  longitu¬ 
dinally  down  the  middle  of  the  external  aspect  of  the  bone,  commencing  at  the 
anterior  external  corner  of  the  proximal  articular  surface,  and  running  distally  and  a 
little  inward,  widening  as  it  goes,  so  that  distally  it  only  makes  the  bone  tran.sversely 
convex,  while  proximally  it  divides  the  bone  into  two  lateral  portions,  which  meet 
each  other  at  an  angle.  The  posterior  of  these  surfaces  is  about  26  centims.  long, 
11  centims.  wide  proximally,  and  7  centims.  wide  distally;  flattened,  but  slightly 
concave  in  length,  and  at  the  proximal  end  slightly  concave  transversely.  A  narrow 
posterior  area  separates  this  lateral  surface  from  the  internal  surface,  towards  which 
it  approximates  as  it  extends  outward  ;  it  is  5 "5  centims.  wide  proximally,  where  it 
passes  on  to  the  proximal  cartilaginous  surface  of  the  olecranon,  but  becomes  narrower 
distally,  and  in  the  middle  of  the  length  the  limiting  angles  of  this  surface,  wliich 
looks  obliquely  outward,  have  disappeared,  and  the  bone  is  transversely  rounded. 
Distally,  it  is  a  groove  margined  by  sharp  short  tul)ercles  or  ridges,  defining  a  channel 
about  3  centims.  wide.  In  Dicynodon  this  posterior  area  does  not  appear  to  exist. 
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The  antero- external  lateral  area  is  much  shorter,  since  it  is  limited  proximally  by 
the  tran verse  articulation.  It  is  about  10  centims.  wide,  and  deeply  concave 
proximally,  forming  an  excavation  for  the  head  of  the  radius  ;  but  distally  its  width 
is  reduced  to  one-half,  and  the  bone,  which  is  flattened  transversely  in  the  middle  of 
the  shaft,  becomes  convex  transversely  above  the  distal  articulation.  This  surface 
meets  the  internal  border  of  tlie  bone  in  a  shai'p  ridge. 

The  distal  articulation  (Plate  22,  fig.  3)  has  a  pear-shaped  contour,  narrow  behind, 
and  wide  in  front.  It  is  oblique,  extending  distally  several  centimetres  further  on  the 
inferior  than  on  the  superior  border.  Its  extreme  width  is  13  centims.,  and  extreme 
thickness  9  centims.  It  is  convex  from  back  to  front,  the  convexity  increasing 
anteriorly  and  interiorly  ;  but  the  outer  part  of  the  bone  is  somewhat  concave  in  the 
transverse  direction. 

The  proximal  extremity  of  the  olecranon  ((Plate  22,  fig.  2)  is  sub-quadrate,  being 
11  centims.  wide  by  9  centims.  thick  at  the  articulation,  and  6  centims.  thick  at  the 
posterior  border.  It  is  defined  by  four  straight  borders,  is  convex  superiorly  in  both 
dimensions,  and  its  rugose  surface  gives  every  appearance  of  being  cartilaginous. 

The  proximal  articulation  is  imperfectly  freed  from  the  matrix,  but  it  consists  of  an 
internal  part  14  centims.  long,  and  an  external  part  about  10  centims.  long,  so  that 
internally  the  bone  extends  forward  as  an  angular  process  G  centims.  wide,  where  it 
merges  in  the  mass  of  the  articulation.  The  inner  part  of  the  articulation  extends 
further  proximally  than  its  external  part,  and  on  the  middle  of  the  posterior  half  of 
this  surface  is  a  strong  sharp-roinided  ridge,  which  was  received  into  a  corresponding 
groove  on  the  distal  end  of  the  humerus. 

There  is  something  very  Mammalian  in  the  character  of  this  proximal  articular 
surface  ;  but  it  is  perhaps  the  character  of  all  others  in  which  the  Anomodont  type 
approximates  to  a  Dinosaur. 

Small  Bones  of  the  Extremities  of  Titanosuchus  ferox.  (Plate  24,  figs.  1,  2.) 

Two  small  bones,  'numbered  49,367,  were  collected  with  the  other  remains  of 
Titanosuchus  ferox  (Owen).  Their  forms  are  such  that  they  may  be  phalanges,  or 
carpal  or  tarsal  bones,  for  in  contour  they  resemble  carpal  bones  of  some  Plesio- 
saurians,  but  are  much  thinner  than  might  have  been  expected  from  the  massive 
character  of  the  larger  limb  bones.  I  regard  the  larger  of  the  two  bones  as  probably 
an  external  phalange,  and  the  smaller  as  a  middle  phalange. 

The  larger  bone  is  compressed,  sub-quadrate,  but  broader  than  long,  w^itli  concave 
lateral  margins,  long  and  narrow  proximal  and  distal  articular  surfaces,  which  somewdiat 
approximate  towards  one  side  of  the  bone.  The  external  or  superior  surface  is  concave 
transversely,  and  gently  concave  in  the  vertical  direction  ;  the  inferior  surface  is  flat. 

What  I  suppose  to  be  the  proximal  surface  is  G’5  centims.  long,  transverse  to  the 
axis  of  the  bone,  and  inclined  obliquely  in  the  transverse  dmection,  so  that  the  length 
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of  the  bone  towarcis  what  may  be  the  exteriial  side  is  6‘7  centims.,  and  towards  the 
other  side  about  5  centims.  This  articular  surface  is  smooth,  flattened,  slightly 
convex  in  transverse  width,  and  about  2 '5  centims.  thick  in  the  middle,  becoming 
narrower  towards  each  side. 

The  distal  articular  surface  is  7 ‘3  centims.  wide,  and  more  than  3  centims.  thick. 
It  is  convexly  rounded  in  the  vertical  direction  as  well  as  at  its  external  corners,  but 
so  that  the  larger  part  of  the  articular  surface  lies  towards  what  I  regard  as  the 
inferior  aspect.  An  impressed  groove  appears  to  margin  the  superior  limit  of  the 
articulation,  but  the  extremities  of  the  bone  are  slightly  worn  or  weathered.  The 
external  lateral  border  of  the  bone  is  a  sharp  ridge  formed  by  the  superior  surface 
curving  down  concavely,  so  as  to  depress  the  inferior  surface.  The  internal  lateral 
border  is  relatively  thick,  and  traversed  by  a  longitudinal  groove.  This  groove, 
like  a  small  notch  on  the  external  side,  I  suppose  to  be  for  ligaments  connecting  the 
phalange,  which  moved  on  the  sub-cylindrical  convexity  of  the  distal  surface. 

The  second  phalange  is  smaller.  It  also  is  compressed  and  sub-quadrate,  with 
concave  sides,  and  the  proximal  and  distal  surfaces  expanded.  The  proximal  surface 
is  oblong,  5 '8  centims.  long,  2 ’6  centims.  thick,  with  the  ends  rounded.  It  is  trans¬ 
verse  to  the  length,  but  irregular,  so  that  it  is  convex  transversely  towards  one  side, 
and  inclines  to  be  concave  in  the  same  direction  towards  the  other  side.  The  extreme 
length  of  the  bone  is  5 ‘7  centims.  The  superior  surface  is  still  covered  with  matrix, 
but  was  concave  vertically,  and  slightly  convex  transversely.  The  inferior  surface 
was  similar,  but  flatter  transversely.  The  distal  end  is  thickened,  having  a  depth  of 
at  least  3'.')  centims.,  with  the  superior  and  inferior  margins  straight,  and  nearly 
parallel.  It  is  5  centims.  wide.  It  is  strongly  convex  transversely,  with  lateral 
impressed  grooves  towards  the  upper  part  of  the  articulation  for  ligamentous  union 
with  the  adjacent  phalange.  The  inferior  surface  of  the  articulation  is  oblique  and 
flattened  and  extends  proximally,  so  as  to  give  the  sub-trochlear  facet  a  length  of 
2 '5  centims.  The  siq^erior  border  of  the  articulation  is  broken  away.  The  sides 
of  the  bone  are  thickened,  and  appear  to  be  vertically  rounded. 


The  Tibia.  (Plate  25.) 

A  specimen  from  Jan  Willem’s  farm,  registered  as  No.  43,525,  determined  by 
Sir  II.  Owen  as  the  right  tibia,  was  referred  to  Fareiasaurus  homhidens.  The  only 
other  specimens  from  this  locality  are  certain  vertebra?,  determined  as  dorsal  and 
caudal  (‘South  African  Catalogue,’  pp.  10,  11);  unless  the  fossils  described  as 
Tajjinocejilialm  Atherstoiii  (Owen)  from  a  locality  “  four  miles  from  Jan  Willem’s 
Fontein,’  should  be  part  of  the  same  series.  But,  from  the  care  with  which  localities 
are  recorded,  it  is  doubtful  if  there  is  any  warrant  for  associating  this  bone  with  the 
remains  of  the  skull  of  Tapinocephalus. 
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The  right  tibia  is  a  short,  massive  bone,  which  shows  a  small  lateral  surface  at  the 
proximal  end  for  contact  with  the  fibula.  Its  extreme  length  from  the  anterior 
jjroximal  pi'ocess  to  the  end  of  the  internal  distal  talon  is  about  30  centirns.  ;  the 
least  measurement  between  the  proximal  and  distal  articular  surfaces  at  the  posterior 
external  angle  is  15  or  16  centirns. 

The  proximal  surface  is  sub-triangular,  with  the  posterior  and  external  borders 
straight,  each  about  13  centirns.  long,  and  meeting  at  a  right  angle  ;  with  the 
external  anterior  border  convex  and  rounding  on  to  the  adjacent  sides.  The  trans¬ 
verse  oblique  measurement  over  this  part  of  the  proximal  surface  is  nearly  20  centirns. 
The  articular  surface  is  flattened,  but  crossed  from  front  to  back  by  a  blunt  ridge,  at 
about  7  or  8  centirns.  from  the  outer  border,  which  corresponds  to  the  groove  between 
the  condyles  of  the  femur,  and  makes  a  division  of  the  pjroximal  articular  surface,  which 
inclines  the  lateral  surfaces  to  each  other  in  a  way  seen  in  Mammals,  with  a  slight 
anterior  eminence  extendino-  between  them. 

The  smaller  external  condylar  surface  may  have  been  supplemented  by  the  fibula. 
There  is  some  indication  of  the  large  convexity  which  extends  anterior  to  the  articular 
surfaces  being  formed  by  a  separate  ossification,  in  which  case  it  might  correspond  to 
the  patella,  but  the  indication  is  so  obscure  that  no  weight  can  be  attached  to  it.  The 
anterior  proximal  border  is  rounded,  and  the  posterior  border  is  sharp  and  prominent. 

The  shaft  contracts  so  that  its  least  measurements  are  below  the  middle,  where  the 
transverse  width  is  8  to  8 '5  centirns.  The  sides  preserve  their  individuality  fairly 
well ;  and  they  expand  distally  to  form  the  remarkable  distal  articulation,  which  has 
a  transverse  sub-ovate  contour,  but  develops  an  anterior  process  on  the  middle  of  the 
anterior  margin.  The  inner  half  of  the  surface  is  an  oblong  convexity  which  is  pro¬ 
longed  distally  for  3  or  4  centirns.  below  the  flattened  external  half  of  the  articulation. 
The  transverse  measurement  of  the  distal  articulation  is  about  15  centirns.,  and  the 
antero  posterior  measurement  about  13  centirns.  On  the  anterior  border,  a  distinct 
notch  in  the  middle  reduces  the  antero-posterior  measurement  of  the  flattened  part  of 
the  articulation  to  about  10  centirns.  Thus,  a  large  process,  comparable  to  the  talon 
of  the  Mammalian  tibia  is  well  defined,  and,  taken  in  connection  with  the  character 
of  the  proximal  end,  gives  a  Mammalian  character  to  the  tibia  which  is  unparalleled 
among  Reptiles,  and  is  nrore  I'emarkable  than  the  Mammalian  character  of  the  femur. 

There  is  no  evidence  of  the  genus  to  which  this  bone  should  be  referred.  It  may 
be  new  or  it  may  be  Pareiasaiu'its  or  Tapinocej)haliis. 


Procolophon  trigoniceps  (Owen).  (Plate  9,  figs.  7,  8,  9.) 

No  specimen  has  hitherto  given  an  adequate  idea  of  the  structure  of  the  skull  in 
Procoloplion  or  evidence  of  its  systematic  position  ;  and,  if  I  am  able  to  Improve  upon 
previous  knowledge,  it  is  because  the  skill  of  Mr.  Richard  Hall,  Mason  in  the 
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British  Museum,  in  relieving  Dr.  Exton’s  specimen  from  the  matrix,  has  shown  the 
characters  of  the  fossil  in  a  way  which  leaves  nothing  to  he  desired. 

Procolophon  differs  widely  from  Dicynodontia,  Gennetotheria,  and  Theriodontia  in 
the  structure  of  the  skull,  for  it  possesses  no  proper  temporal  fossae.  It  approximates 
towards  the  Pareiasauria  in  features  such  as  the  expansion  of  the  parietals  roofing  in  the 
back  of  the  skull  and  the  elongation  of  the  roof  bones  of  the  head  ;  and  is  remarkable 
for  the  large  size  of  the  epi-otic  and  quadrato-jugal  bones.  But,  on  the  other  hand,  the 
shoulder  girdle  is  dissimilar.  There  is  a  laige  parietal  foramen.  Tlie  palate  is  very 
dissimilar  in  construction  to  that  of  a  Dicynodont,  and,  apparently,  unlike  Pareia- 
saurus  in  details  ;  so  that  the  genus  becomes  the  type  of  a  new  group,  which  is,  in 
some  respects,  intermediate  between  the  Pareiasauria  and  Dicynodontia,  and  cannot 
be  placed  in  either  sub-order.  It  is  the  type  of  the  Pi'ocolophonia. 

The  skull  is  sub-triangular,  4'7  centims.  long,  with  the  transverse  posterior  outline 
straight,  and  measuring  3 ‘5  centims.  from  one  epi-otic  horn  to  another.  Anterior  to 
these  small  posterior  angles,  the  postero-lateral  contour  is  a  concave  notch,  owing  to 
the  extension  outward  of  the  squamosal  and  quadrato-jugal  bone.  This  post-quadrate 
concavity  is  about  half  a  circle,  and  its  curve  extends  forw^ard  to  a  line  with  the  back 
of  the  orbit,  or  the  middle  of  the  parietal  foramen.  The  great  lateral  expansion 
anterior  to  this  notch  is  made  by  the  quadrato-jugal  bone  ;  and  these  bones  widen  the 
back  of  the  skull  to  upwards  of  5  centims.,  for  the  median  measurement  to  the  one 
side  on  which  the  preservation  is  perfect  is  2'7  centims.  Then  the  lateral  contours 
converge  forward,  with  a  moderate  constriction  towards  the  front  of  the  orbit, 
terminating  in  a  blunt  snout  about  IT  centini.  wide  below,  but  the  anterior  extrem’ty 
containing  the  nares  is  lost. 

Superiorly  there  is  a  slight  bevelling  toward  the  occipital  surface,  a  horizontal 
flattening  of  the  jjarietal  and  frontal  region,  a  rounding  of  the  nasal  and  pre-frontal 
area,  and  an  oblique  extension  outward  and  downward  of  the  bones  below  the  orbit. 

The  circular  parietal  foramen  is  0'4  millim.  in  diameter,  and  9  millims.  in  advance 
of  the  back  of  the  skull.  The  orbits  are  longitudinally  ovate  vacuities,  2  centims. 
long;  IT  centim.  wide  in  front,  between  the  frontal  and  malar,  but  narrower  behind. 
The  least  width  of  the  inter-orbital  space  is  rather  less  than  1  centim.  The  bones 
which  surround  the  orbit  are  the  malar,  post-frontal,  parietal,  (?)  supra-orbital, 
pre-frontal,  and  lachrymal 

The  bones  on  the  two  sides  of  the  head  are  not  absolutely  identical,  partly  owing 
to  slight  differences  of  form,  and  partly  from  differences  of  preservation. 

Tlie  parietal  bones  are  large  and  irregularly  subcjuadrate,  with  a  transverse  angular 
bend  separating  the  somewhat  narrow,  posterior  inclined,  occipital  area  from  the  flat, 
transversely  extended,  parietal  area,  which  includes  the  parietal  foramen,  by  narrow 
processes  which  extend  convexly  forward  between  the  frontals  to  ‘enclose  it.  The 
median  suture  between  the  part  of  the  parietals  behind  the  foramen  is  a  zigzag  of  one 
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angular  bend  to  the  right,  followed  bj  a  similar  angular  bend  to  the  left.  The  trans¬ 
verse  width  of  each  bone  posterioidy  is  1  centim.  to  the  position  where  it  is  overla})ped 
on  the  posterior  corner  by  the  epi-otic  bone,  but  it  becomes  wider  anteriorly,  since  it 
extends  into  the  posterior  corner  of  the  orbital  vacuity,  where  the  width  is  half  as  much 
again.  The  extreme  antero-posterior  measurement  in  the  median  line  is  1'4  centim. 

There  appears  to  be  a  small  ossification  between  the  posterior  angle  of  these  bones 
on  the  inclined  occipital  surface  which  may  be  the  inter-parietal.  Laterally,  the 
parietal  meets  three  bones,  of  which  the  most  posterior  is  (1)  the  epi-otic,  which  rests 
upon  the  parietal ;  and  (2)  the  scpiamosal,  which  is  in  contact  with  (3)  the  post-orbital. 
Anteriorly,  the  parietal  is  in  contact  with  the  frontal  and  post-frontal  bones,  and 
there  is  no  evidence  of  division  in  tlie  part  of  the  parietal  in  front  of  the  foramen. 

The  occipital  surface  of  the  skull  is  not  seen. 

The  frontal  bones  are  a  pair  of  flat  oblong  bones,  almost  as  long  as  the  orbito¬ 
temporal  vacuity,  divaricating  a  little  posteriorly,  and  narrower  in  front.  The  median 
suture  between  them  is  undulating,  1'7  centim.  long.  The  lateral  branches  of  the 
bones  extend  outward  and  backward  above  the  orbits,  about  as  far  as  the  middle  of 
the  parietal  foramen  ;  their  posterior  contour  is  concave,  and  the  transverse  width 
over  the  posterior  angles  is  1’4  centim.  The  extreme  length  of  the  frontal  is 
2T  centime.  The  width  of  the  bones  diminishes  anteriorly,  by  the  wavy  external 
borders  converging  to  half  a  centimetre.  Tlie  width  in  the  narrow  space  where  their 
borders  enter  into  the  orbits  is  9  millims. 

External  to  the  posterior  border  of  the  frontal  and  partly  overlapping  the  parietal, 
is  a  long  narrow  bone,  I'l  centim.  long,  pointed  in  front,  and  widening  to  2  millims. 
posteriorly,  wbich  I  regard  as  the  post-frontal.  There  is  no  indication  that  it  has  any 
other  relations  than  v/ith  those  two  bones. 

Extending  along  the  anterior  border  of  the  frontal  is  a  sub -triangular  bone,  which 
widens  as  it  extends  forward,  which  is  the  pre-frontal.  It  is  1  centim.  long,  extends  as 
far  forward  as  the  frontal,  and  is  7  or  8  millims.  wide,  wedged  between  the  frontal  and 
lachrymal,  and  meeting  the  nasal.  In  front  of  the  frontal  and  pre-frontal  are  the 
nasal  bones,  which,  owing  to  the  state  of  preservation,  are  imperfectly  defined.  The 
suture  is  seen,  by  which  they  unite  laterally  with  the  maxillary  bones,  and  there  are 
indications  of  the  median  suture,  so  that  they  cover  the  superior  convex  pre-orbital 
area.  Each  is  more  than  1  centim.  wide  posteriorly  and  (as  the  extremity  of  the 
snout  is  lost)  fully  1'5  centim.  long. 

The  post-orbital  arch  commences  with  the  large  sub-triangular  bone  whose  ex¬ 
tremity  forms  on  each  side  the  lateral  posterior  angle  of  the  skull.  The  surface  of  the 
bone  is  convex  from  front  to  back,  and  its  angular  extremity  is  inclined  downward, 
outward,  and  backward.  It  rests  by  squamous  overlap  upon  the  posterior  border 
of  the  squamosal  and  the  external  surface  of  the  parietal.  Its  relative  size  is 
comparable  with  the  same  bone  in  Labyrinthodonts,  and  is  much  greater  than  in 
Pareiasaurus,  and  altogether  more  conspicuous  than  in  Dicynodonts,  which  usually 
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have  the  bone  chiefly  on  the  occipital  plate.  It  is  about  8  milliins.  in  length  and  width, 
with  the  external  margin  slightly  concave,  and  the  inner  border  slightly  convex. 

The  bone  which  is  anterior  to  the  epi-otic  is  in  contact  with  the  external  process  of 
the  parietal,  and  is  hence  named  the  squamosal.  It  is  oblong,  and  inclined  obliquely, 
downward,  forward,  and  outward.  Its  inferior  margin  helps  to  define  the  posterior 
post-cjuadrate  concavity  of  the  skull.  It  is  1  centim.  long  and  less  than  half  as  wide. 
Its  superior  anterior  border  helps  to  give  attachment  to  a  slender  bone  which  extends 
from  the  external  angle  of  the  parietal  to  the  malar,  and  forms  the  postero-inferior 
border  of  the  orbit.  That  bone  is  about  1'2  centim.  long  and  2  millims.  wide.  Its 
inferior  border  is  concave  and  helps  to  enclose  a  small  oblong  vacuity  between  it  and 
tbe  scjuamosal  behind  and  the  malar  below.  This  vacuity  might  correspond  with  the 
position  of  the  bone  which  I  term  supra- quadrate — the  supra-temporal  of  Owen  and 
some  authors.  Below  the  squamosal  is  the  quadrate,  which  has  already  been  shown  in 
other  species  to  be  compressed  from  front  to  back.  It  descends  as  a  vertical  pedicle, 
which  lies  below  the  hinder  part  of  the  orbit,  and  has  its  chief  extension  below  and 
behind  the  malar.  It  is  well  seen  on  the  inner  side  of  the  jaw,  where  it  sends  a  strong 
process  inward  and  upward  to  the  pterygoid  bone,  and  its  rounded  distal  articular  end 
is  exposed  externally  by  fracture  on  the  left  side  ;  but  it  is  otherwise  completely 
hidden  from  view  by  the  enormous  quadrato-jugal  bone,  which  is  imperfect  on  the 
left  side  from  being  broken  away.  It  is  perfectly  preserved  on  the  right  side,  wdiere 
it  extends  downward,  outward,  and  backward,  terminating  posteriorly  in  a  tuberosity 
which  terminates  the  semi-circular  contour  of  the  post-orbital  excavation.  The  form 
of  the  bone  is  obliquely  sub-quadrate,  1’4  centim.  high,  and  about  1  centim.  wide,  wdth 
the  posterior  border  concave,  and  the  anterior  border  convex.  It  is  convex  from  above 
downward,  where  the  lower  extremity  is  reflected  inward,  but  does  not  descend  to 
the  articulation  so  as  completely  to  hide  the  quadrate.  It  is  remarkable  that  the 
quadrato-jugal  has  a,  considerable  extension  behind  the  quadrate  bone. 

The  malar  bone,  which  forms  the  inferior  border  of  the  orbit,  is  an  irregular 

crescentic  bone,  which  is  concavely  constricted  in  the  middle,  and  is  in  contact  with 

the  maxillary  bone  below  in  front,  where  it  tapers  away  to  meet  the  lachrymal  at  the 
anterior  corner  of  the  orbit.  On  the  corresponding  posterior  surfaces  it  meets  the  quad¬ 
rato-jugal  below  and  the  post-orbital  behind.  It  contributes  with  the  maxillary  in  front 
and  the  quadrato-jugal  behind  to  define  a  concave  and  somewhat  angular  excavation 
of  the  contour  of  the  head  below  the  orbit.  The  malar  extends  behind  the  maxillary  ; 
its  length  is  1'7  centim.;  its  depth  at  the  middle  constriction  is  1  or  2  millims. 

The  maxillary  bone,  as  preserved,  mea.sures  2T  centims.  on  the  right  side,  but 
appears  to  be  shorter  on  the  left.  The  surface  of  the  bone  is  concave  from  front  to 

back,  and  convex  from  above  downward,  where  it  is  8  millims.  deep,  with  a  superior 

convex  contour.  It  extends  back  somewdiat  beyond  the  alveolar  border ;  and  above 
tbe  alveolar  border  it  contains  one  or  two  comparatively  large  vascular  foramina. 
There  are  six  teeth  in  each  maxillary  bone.  They  difter  in  no  wmy  from  similar  teeth 
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already  described.  Anteriorly  they  are  3  inillims.  long,  posteriorly  are  a  little 
shorter,  are  cylindrical,  terminate  in  conical  points,  and  haye  slightly  expanded  bases, 
which  are  in  close  union  with  the  jaw.  The  interspaces  between  them  are  about  a 
third  the  diameter  of  the  teeth.  They  contain  sub-cylindrical  cavities.  The  summits, 
or  croAvns,  of  the  lower  jaw  fit  into  the  interspaces  between  the  conical  summits  of 
the  crowns  of  the  maxillary  region,  and  their  form  is  not  defined. A  The  pre-raaxillary 
bones  are  imperfectly  preserved.  They  were  short,  as  in  other  specimens,  presumably 
divided  the  nares,  were  divided  medially,  and  each  contained  three  teeth,  which  were 
rather  longer  than  those  in  the  maxillary  bone,  and  extend  in  front  of  the  corre¬ 
sponding  teeth  of  the  lower  jaw.  The  shortness  of  the  pre-maxillaries  gives  a  trun¬ 
cated  appearance  to  the  snout,  since  tlieir  teeth  extend  transversely. 

The  lower  jaw  is  in  natural  articulation  with  the  skull.  The  rami  are  loosely 
connected,  4T  centims.  long,  and  diverge  backward,  so  that  the  transverse  measure¬ 
ment  at  the  quadrate  region  is  equal  to  the  length  of  a  ramus.  Each  ramus  is 
slightly  curved,  consequent  on  a  slight  convergence  inward,  to  make  the  rounded 
narrow  symphysial  union  ;  there  is  a  slight  inflection  in  the  articular  region,  and  a 
slight  bulging  outward  below  the  malar  region. 

The  lower  jaw  is  comparatively  stout,  being  half  a  centimetre  thick,  and  it  has  a 
convex  appearance  on  the  external  sui'face,  and  a  flattened  appearance  on  the  internal 
surface.  It  is  deepest  (1  centim.)  below  the  hinder  end  of  the  maxillary,  whei’e  the 
dentary  terminates  in  a  slight  coronoid  elevation,  in  the  middle  of  the  length  of  the 
jaw,  which  divides  it  into  an  anterior  slightly  concave  tooth-bearing  border,  and  a 
posterior  slightly  convex  area.  From  below  this  point  the  jaw  decreases  in  depth, 
both  anteriorly  and  posteriorly,  to  less  than  half  its  depth  in  the  middle. 

The  jaw  has  lost  some  of  the  external  bone  substance,  but  appears  to  include 
five  bones.  First,  on  the  external  surface  is  the  dentary,  which  forms  the  whole  of 
the  anterior  tooth-bearing  half.  Posterior  to  this  there  is  a  long  superior  bone, 
extending  back  almost  to  the  articulation,  which  I  regard  as  the  coronoid.  It  is 
divided  by  a  longitudinal  suture  from  an  inferior  bone,  which  extends  much  farther 
forward  than  the  coronoid,  and  forms  the  sharp  inferior  ridge  on  the  base  of  the 
hinder  part  of  the  jaw,  which  1  regard  as  the  angular.  On  the  inner  side  of  the  jaw 
two  other  bones  are  seen.  First,  the  articular,  which  is  inflected  inward  to  form  a 
process  like  that  seen  in  Birds  and  some  of  the  lower  Mammals.  This  bone  extends 
forward  so  as  to  cover  the  hinder  half  of  the  jaw,  barely  reaching  its  base,  for  the 
angular  is  seen  below  it ;  and  at  its  superior  termination  in  front  a  small  bone  is  seen 
above  it,  which  I  regard  as  the  internal  extension  of  the  coronoid.  The  whole  depth 
of  the  dentary  appears  to  be  covered  internally  by  another  bone,  which  I  regard  as  the 
opercular.  It  meets  the  articular  by  an  oblique  suture,  which  extends  downward  and 
backward  ;  and  at  its  inferior  termination  there  is  a  conspicuous  ovate  vascular  foramen. 

There  is  a  better  preserved  example  of  a  dentary  bone  of  a  new  species  of  Proco¬ 
lophon  in  the  British  Museum,  B.  514,  from  Kl.  Vogelstruisfontein,  in  the  district  of 
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Betliulie,  presented  by  Heer  H.  S.  Viljoen,  which  is  deeper  and  relatively  shorter 
than  other  known  jaws,  and  has  the  anterior  tooth  or  teeth  remarkably  long. 

The  Palate. — The  base  of  the  skull  is  occupied  by  a  large  oblong  median  ossification 
in  the  position  of  the  basi-sphenoid,  which  is  13  millims.  in  length,  is  traversed  by 
a  deep  wide  median  longitudinal  channel,  is  slightly  concave  from  front  to  back  and 
concave  at  the  sides,  so  that  the  width  in  the  anterior  part  of  the  bone  is  half  a 
centimetre  and  it  terminates  in  a  pair  of  stroug  prominent  tubercles,  directed  outward 
and  forward,  which  give  attachment  to  the  pterygoid  bones.  The  transverse  measure¬ 
ment  over  them  is  9  millims.,  and  there  is  a  saddle-shaped  anterior  concavity  between 
these  tubercles. 

The  posterior  end  of  the  basi-sphenoid  is  not  perfectly  exposed,  and  there  is  a 
possibility  that  it  includes  in  its  posterior  part  a  basi-occipital  element,  but,  if  so,  the 
suture  is  obliterated  by  ossification,  as  in  the  skull  section  figured  (Plate  9,  fig.  2),  and 
it  terminates  in  a  pair  of  articular  processes.  At  the  posterior  extremity  of  the  median 
groove  there  is  a  small  ossification  extending  convexly  backward,  but  this  is  probably 
a  sub-vertebral  wedge  bone  of  the  atlas,  such  as  is  common  in  Ichthyosaurs,  Plesiosaurs, 
and  other  Keptiles.  From  this  angle  a  bone,  partly  destroyed,  which  I  do  not  identify, 
extends  outward  and  upward. 

In  front  of  the  basi-sphenoid  is  an  indication  of  a  slight  pre-sphenoid  ossification, 
extending  u.pward  and  forward,  seen  in  an  almond-shaped  vacuity,  7  millims.  long  and 
4  mdlims.  wide,  pointed  in  front  and  rounded  behind,  the  sides  of  which  are  formed 
by  the  pterygoid  bones. 

The  pterygoid  bones  are  large  ossifications  of  tri-radiate  form.  Each  sends  a  flattened 
process  backward  and  outward  to  unite  with  the  pterygoid  process  of  the  quadrate  ; 
this  is  3  millims.  wdde  and  about  1  centim.  long.  There  is  a  wude  angular  vacuity 
between  it  and  the  basi-sphenoid,  'which  opens  backward.  Another  angular  vacuity 
opens  laterally  between  it  and  the  massive  transversely  extended  part  of  the  hone 
which  descends  so  as  to  be  almost  in  contact  with  the  coronoid  element  of  the  lower 
jaw.  The  transverse  width  posteriorly  over  each  of  the  processes  is  about  1  centim., 
and  the  antero-posterior  extent  may  be  as  much.  The  external  part  of  this  process  is 
crossed  by  a  line  Avhich  may  indicate  an  external  ossification  wdiich  w'ould  be  the 
transverse  bone.  Anteriorly  to  these  processes  the  bones  converge  forward,  and  unite 
by  suture  in  the  median  line  for  a  length  of  about  3  milhms.  The  extreme  antero¬ 
posterior  extent  of  the  bone  is  about  2  "2  centims.  The  transverse  processes  are 
directed  strongly  downward  at  their  outer  and  posterior  margins.  On  the  rounded 
border  of  the  almond-shaped  pterygo-sphenoid  vacuity  there  is  a  row-  of  pterygoid 
teeth,  so  placed  that  they  diverge  backward  in  a  V-shape.  The  teeth  have  all  been 
uroken  away,  but  I  count  the  basal  attachments  of  seven  on  each  side. 

In  front  of  the  anterior  parts  of  the  pterygoids  are  a  narrow  pair  of  bones  wdiich 
are  not  completely  exposed  anteriorly  and  only  seen  for  a  length  of  9  millims.  The 
transverse  width  over  both  does  not  exceed  5  millims.  They  are  in  contact  throughout 
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their  length,  and  extend  forward  and  downward.  I  have  no  donbt  that  they  are  the 
VO m era.  On  each  of  these  bones  there  were  two  rows  of  teeth.  In  each  outer  row 
there  were  about  six  ;  their  bases  are  folded  like  the  teeth  of  Labyrinthodonts. 

At  the  back  of  the  lateral  palatal  vacuities  between  the  voinera  and  pterygoids  is  a 
pair  of  small  oblong,  obliquely  placed  ossifications,  vdiich  I  regard  as  the  palatines. 
They  have  been  injured  in  excavation,  but  are  7  raillims.  long  ;  their  width  is  not 
shown. 

At  the  back  of  the  palate  there  is  a  pair  of  rod-shaped  bones,  constricted  in  the 
shaft,  truncated  at  the  ends,  which  are  2  millims.  wide,  and  with  the  longer  1'2  centim. 
long,  which  I  have  previously  regarded  as  the  hyoid.  Their  anterior  ends  converge 
forward,  and  are  1’5  centim.  apart.  They  are  shifted  from  the  median  line  towards 
the  left  side  in  harmony  with  the  shoulder  girdle. 

The  Shoulder  Girdle  of  Procolophon.  (Plate  9,  fig.  9.) 

The  bones  of  the  shoulder  girdle  are  very  little  disturbed,  though  the  scapula  is  not 
exposed  and  the  clavicle  is  only  imperfectly  preserved.  But  the  inter-clavicle,  pre¬ 
coracoid,  and  coracoid  are  exceptionally  well  seen,  and  situate  immediately  behind  the 
back  of  the  skull. 

The  inter-clavicle  is  the  key  to  the  arch.  Owing  to  its  anterior  convexity,  the  bone 
has  the  form  of  a  pick-axe.  It  is  shaped  as  in  some  Labyrinthodonts,  as  in  Ichthyo¬ 
saurus,  and  many  Lizards,  but  it  has  the  form  of  a  more  elongated  and  slender  capital 
T  than  has  the  bone  in  Monotremes.  The  transverse  bar  is  about  14  millims.  long, 
and  the  median  bar  is  nearly  4  centims.  long.  The  anterior  margin  of  the  median  bar 
is  convex,  and  reflected  a  little  downward,  so  as  to  make  the  posterior  half  of  the  bar 
appear  impressed.  The  limbs  narrow  as  they  extend  outward,  being  one-half  as  wide 
at  the  termination  as  at  their  origin.  The  transverse  measurements  are  4,  3,  and 
5  millims.  The  median  staff  has  sub-parallel  sides,  being  a  little  contracted  in  the 
middle,  so  that  there  is  a  tendency  for  the  distal  end  to  widen,  though  the  widening 
is  much  less  marked  than  in  Monotremes. 

An  elevated  median  ridge  runs  down  the  length  of  the  median  bar,  which  is  other¬ 
wise  flat.  It  unites  with  the  transverse  bar  at  a  right  angle,  though  the  junction  is 
not  notched  out,  but  rounded. 

The  pre-coracoid  and  coracoid  are  in  close  sutural  union  with  each  other,  and  their 
antero-posterior  length  is  about  2 ’6  centims.  They  are  flattened,  somewdiat  oblong, 
moderately  thin  plates ;  but  there  is  no  evidence  whether  their  straight  inner  margin 
rested  upon  the  impressed  lateral  areas  of  the  inter- clavicle,  or  whether  that  bone 
extended  in  front  of  them,  as  seems  probable,  after  the  manner  of  Monotremes  and 
Ichthyosaurs.  These  bones  appear  both  to  contribute  to  the  articulation  for  the 
humerus. 

The  pre-coracoid  is  not  completely  exposed  on  either  side,  but  as  shown  it  appears 
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to  be  a  longitudinally  oblong  bone  12  millims.  long,  with  the  anterior  border  probably 
straight  and  transverse,  probably  parallel  to  the  transverse  straight  suture  by  which 
it  unites  with  the  coracoid.  The  internal  margin  was  probably  straight,  as  it  appears 
to  be  in  the  specimen  as  exposed,  but  it  is  not  quite  free  from  matrix.  Thus,  there 
would  be  three  straight  sides  of  the  oblong  meeting  each  other  at  right  angles. 
The  width  of  the  bone  in  the  middle  is  not  less  than  the  length  ;  but  the  external 
border  is  notched,  not  unlike  the  external  border  of  the  coracoid  in  many  Lizards. 
In  the  middle  of  the  side  there  is  a  strong  short  process  directed  outward  and  back¬ 
ward  towards  the  articulation,  into  which  it  may  possibly  entei\  Anterior  to  this 
process  the  bone  is  concavely  excavated  on  the  margin  by  a  notch  which  extends  to 
its  anterior  angle.  Posterior  to  tliis  j^rocess  is  an  oval  foramen  or  notch  obliquely 
placed,  which  extends  towards  the  posterior  angle  near  the  suture  with  the  coracoid, 
and  appears  to  be  homologous  with  the  coracoid  foramen  in  Dinosaurs  and  other 
Reptiles,  which  may  thus  become  a  pre-acetabular  notchi 

The  coracoid  is  about  P4  centim.  long,  and  as  wide  as  the  pre-coracoid.  Its  inner 
side  is  straight,  and  its  posterior  end  convexly  rounded  from  within  outward.  The 
external  border  consists  of  two  nearly  equal  yrirts  ;  a  thickened  anterior  articular 
surface  which  forms  part  of  the  glenoid  cavity  for  the  humerits,  which  looks  outward 
and  a  little  forward ;  and,  secondly,  a  posterior  concave  area  which  contracts  the 
width  of  the  bone,  but  sends  a  small  process  outward  and  upw^ard  like  that  seen  at 
the  posterior  margin  of  the  bone  in  some  Plesiosaurs.  The  length  of  the  articulation 
as  formed  by  the  pre-coracoid  and  coracoid  is  about  P4  centim. 

No  evidence  of  a  scapula  is  seen  ;  and  the  clavicle  is  imperfect  and  only  seen  on  the 
left  side,  where  it  extends,  if  correctly  determined,  backward  and  upward  from  the 
outer  angle  of  the  transverse  bar  of  the  inter-clavicle  as  a  thin  flat  plate  of  bone 
1‘6  centim.  long,  and  narrowing  from  4  to  2  millims. 

Posterior  to  the  shoulder-girdle  are  some  indications  of  ribs  on  the  right  side. 
They  were  sub-cylindrical  and  hollow.  There  are  much  smaller  sternal  ribs,  but  their 
relation  to  the  ribs  is  not  clear. 

The  Fore-limi). — Both  humeri  remain  in  natural  contact  wdth  the  bones  of  the 
shoulder  girdle.  The  distal  ends  are  missing  on  both  sides.  The  bone  may  have  been 
3 '5  centims.  long.  The  proximal  end  was  expanded,  with  a  rounded  condyle.  The 
inferior  surface  was  concave  transversely,  and  slightly  convex  in  length.  Tlie  radial 
crest  did  not  reach  to  the  proximal  end  ;  it  was  of  moderate  length,  and  reflected 
downward.  The  ulnar  tuberosity  was  extended  backward ;  it  appears  to  have  been 
quite  as  large  as  the  radial  crest.  The  transverse  width  over  these  proximal  processes, 
as  preserved,  is  1'6  centim.  The  diameter  of  the  middle  of  the  shaft  hardly  exceeds 
3  millims. 

The  radius  is  a  slender  bone,  2 ‘3  centims.  in  length.  Its  shaft  is  slightly  twisted, 
a  little  convexly  bent  outward,  with  the  ends  moderately  enlarged,  and  their  articular 
surfaces  convex. 
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The  ulna  is  a  much  stouter  bone,  with  its  proximal  articular  surface  obliquely 
truncated.  Its  extreme  length  is  2 '5  centims.  It  is  7  millims.  wide  proxinially  and 
narrower  distally,  but  most  constricted  in  the  middle  of  the  shaft. 

The  carpus,  as  preserved,  is  somewhat  displaced,  but  shows  two  sub-quadrate  bones 
below  the  ulna — one  between  the  ulna  and  radius,  one  below  the  radius.  There 
appear  to  be  one  bone  of  the  central  series  and  four  bones  in  the  distal  row. 

I  infer  that  there  are  five  meta-carpals  in  contact  with  this  carpus.  Indications 
of  three  strong  short  bones  are  seen  attached  to  the  radial  side.  They  are  constricted 
in  the  middle,  and  each  attached  to  a  carpal.  The  fourth  carpal  gives  attachment  to 
two  bones  which  appear  to  be  more  slender,  and  the  fifth  is  shorter.  In  the  first 
digit  there  is  certainly  one  phalange  besides  the  claw  phalange,  and  I  believe  there  is 
a  second,  but  the  state  of  preservation  justifies  some  doubt  on  this  point. 

On  Galesaurus.  (Plate  9,  figs.  3,  4,  5,  6.) 

In  1859,  Sir  Richard  Owen  described  the  South  African  genus  Galesaurus,  which 
became  the  type  of  a  division  of  the  Anomodontia,  termed  Cynodontia.  Three  skulls 
and  some  fragments  referable  to  this  genus  are  preserved  in  the  British  Museum,  but 
no  other  parts  of  the  skeleton  have  been  recoi'ded,  so  that  its  position  in  classification 
depends  entmely  upon  evidence  from  the  skull,  which  hitherto  has  neither  been 
figured  with  accuracy  nor  described  in  detail. 

In  1876,  the  same  author  instituted  the  Theriodontia,  characterized  as  having 
dentition  of  the  Carnivorous  type,  with  incisors,  defined  and  divided  from  the  molars 
by  a  large  laniariform  canine.  It  was  apparently  suggested  by  the  resemblances  in 
number  of  incisors  and  molars  to  certain  Mammals,  rather  than  by  any  distinctive 
Mammalian  attribute  in  the  form  of  the  molar  teeth  ;  but  many  genera  were  comprised 
iu  the  group  which  are  still  imperfectly  known.  As  there  is  no  skull  so  perfect  as  that 
of  Galesaurus,  I  believe  that,  both  as  the  earliest  known  type  and  the  only  type 
available  for  comparison,  Galesaurus,  rather  than  Lycosaurus,  which  the  author  places 
first  on  his  list,  should  be  regarded  as  the  representative  genus  of  the  group.  I  make 
this  suggestion  because  the  order  was  made  to  include  animals  which  seem  to  me  to 
have  no  near  alliance  with  each  other,  and  have  a  better  claim  to  distinction  from  the 
other  Anomodontia  than  either  Lycosaurus  or  Galesaurus.  ThuSj  Procoloj^hon  has 
been  shown  to  be  a  type  as  distinct  as  any  South  African  Reptile  that  is  known. 
I  am  led  to  believe  that  Lycosaurus,  Aleurosaurus,  and  the  allied  genera  wdiich  have 
small  pointed  molar  teeth,  large  canines,  and  large  laterally  compressed  incisors  form 
a  division  intermediate  between  the  Dicynodontia  and  the  Theriodontia,  supposing 
that  group  to  be  accepted  with  Galesaurus  for  its  type.  The  data  for  comparison 
between  Galesaurus  and  Lycosaurus  are  of  a  slender  kind.  There  can,  however,  be 
no  doubt  that  Galesaurus  is  conveniently  described  as  Theriodont,  and  that  in  form, 
proportion,  and  structure  of  the  skull,  it  is  the  most  Mammal-like  of  known  Reptiles. 
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It  approaches  so  nearly  to  Mammals  like  the  Opossums  and  some  of  the  larger  Bats 
in  form  of  the  skull,  that  demonstration  of  the  presence  of  typical  Beptilian  characters 
was  needed  to  justify  the  placing  of  Galesauriis  among  Reptiles.  I  regard  it  as  differing 
from  the  Dicynodontia,  as  represented  by  Dicynodon,  in  sub-ordinal  characters  ;  for, 
although  the  skull  seems  at  first  sight  so  dissimilar,  yet  in  essential  characters  there 
is  no  structural  difference  which  would  constitute  an  ordinal  group.  Among  the 
more  striking  characters  by  which  Galesaurus  differs  from  the  Dicynodonts  are  ; — 

First,  the  possession  of  incisor  teeth,  and,  secondly,  by  the  development  of  cuspidate 
molar  teeth.  No  Dicynodont  is  known  in  which  teeth  of  either  kind  occur,  and, 
therefore,  the  character  is  so  far  a  good  one  ;  but,  as  it  only  extends  to  the  dentition 
which  was  represented  in  Dicynodon  by  canines,  I  am  unable  to  regard  it  as  more 
than  a  sub-ordinal  difference.  Yet  no  existing  group  of  Reptiles  shows  a  sub-ordinal 
character  of  the  same  kind ;  but  among  Mammals  a  total  absence  of  teeth  in  Ant- 
eaters  only  separates  them  as  a  sub-order  from  Armadilloes. 

Secondly,  the  lower  jaw  has  the  coronoid  process  rising  above  the  middle  of  the 
orbit,  and  is  entirely  Mammalian  in  form.  The  dentary  bone  appears  to  form  the 
coronoid  process,  though  it  does  not  reach  back  to  the  articulation,  and  the  lower  jaw 
is  certainly  composite.  As  in  Carnivorous  Mammals,  there  is  no  heel  prolonged 
beyond  the  articulation,  and  the  articular  process  is  only  slightly  inflected  inward. 

Thirdly,  there  is  no  descending  tympanic  process  of  the  skull  like  that  seen  in 
Dicynodonts ;  and  on  this  character  depends  the  backward  extension  of  the  jugal  arch 
by  its  squamosal  element  to  the  articulation  for  the  lower  jaw,  which  it  contributes  to 
form,  though  the  quadrate  bone  still  remains,  though  of  small  size,  seen  on  the 
posterior  aspect  of  the  skull. 

Fourthly,  there  is  a  manifest  difference  from  Dicynodonts  in  the  occipital  articula¬ 
tion,  though  it  is  imperfectly  exposed,  for  there  appears  to  be  no  trace  of  a  basi- 
occipital  condyle. 

Nythosaurus  larvatus  (Owen)  is  a  Galesaurus.  It  agrees  with  the  type  skull  in 
size  and  form  of  the  cerebral  region.  Its  molar  teeth  show  three  or  four  denticles, 
and  appear  to  be  about  eight  in  number.  The  dentary  bone  similarly  extends  far 
back,  and  forms  the  coronoid  process.  A  perfect  mould  is  preserved  of  the  auditory 
region,  and  shows  the  vertical  semicircular  canal  and  the  horizontal  semicircular  canal 
of  the  auditory  region  (Plate  9,  figs.  5,  6).  The  former  passes  outward,  backward, 
and  downward,  and  from  its  base  the  latter  extends  horizontally  forward.  On  the 
right  side  there  is  indication  of  a  third  canal,  directed  forward  at  light  angles  to  the 
posterior  vertical. 


Relation  of  the  European  to  the  South  African  Anomodonts. 

Kutorga,  Fischer,  Eichwald,  and  von  Meyer  have  described  and  variously 
interpreted  Reptiles  from  the  Permian  rocks  of  Orenburg,  some  of  which  have  been 
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classed  by  Sir  R.  Owen  as  Theriodonts.  Kutorga,  with  only  fragments  of  the 
humerus,  recognized  Mammalian  characters,  and  regarded  the  aniaial  to  which  they 
belonged  as  a  Mammal.  For  this  type,  which  Fischer  named  Eurosaurus  in  1841, 
Kutorga  adopted  the  name  Brithopus ;  and  I  concur  with  Gaudry  in  preferring  the 
older  name.  Eichwald’s  conception  was,  however,  a  remarkable  one.  He  states 
(‘ Letbeea  Rossica,’  p.  1630)  that  Eurosaurus  has  the  skull  of  a  Labyrinthodont,  with 
vertebrae  and  phalanges  like  those  of  Mastodonsaurus,  and  the  femur,  tibia,  coracoid, 
and  scapula  like  Pelorosaurus  and  Hylceosaurus  ;  and  he  associated  Kutorga’s  genera 
Brithop)iis  and  Orthopus  as  the  humerus  of  that  animal.  The  foundation  for  this 
interpretation  is  partly  in  the  skull  which  von  Meyer  named  Melosaurus,  and 
regarded  as  Labyrinthodont;  and,  reviewing  Eichwald’s  work,  that  writer  considered 
the  association  of  bones  so  dissimilar  in  size  and  character  in  one  animal  to  be  improb¬ 
able.  It  is  impossible  to  form  an  independent  opinion  without  studying  the  original 
materials  at  Moscow  and  St.  Petersburgh ;  but  the  Labyrinthodont  character  of  the 
skull  of  Pareiasaurus,  and  many  other  Labyrinthodont  features  in  the  vertebral 
column,  in  combination  with  Dicynodont  characters  in  the  pelvis,  may  justify  a 
suspension  of  judgment  on  the  conclusions  adopted  by  Eichwald.  But  whether  the 
Orenburg  fossils  should  prove  to  be  allied  to  Pareiasaurus,  or  to  some  other  Anom- 
odont  type,  they  are  associated  with  remains  named  Rhopalodon,  which  voN  Meyer 
compares  in  its  teeth  to  Galesaurus,  though  the  palate  carries  a  row  of  small  conical 
teeth  on  the  hinder  outer  margin  of  the  pterygoid ;  and  the  same  beds  yield  Deutero- 
saurus,  which  voN  Meyer  compared  with  the  Bathygnathus  of  Leidy. 

In  this  type  there  are  eleven  dorsal  vertebree  at  least,  and,  according  to  Eichwald 
and  Owen,  two  sacral  vertebrm,  though  yon  Meyer  inclines  to  think  there  may 
have  been  three,  and  that  the  strong  transverse  process  of  the  eleventh  dorsal 
contributed  to  support  the  ilium,  although  that  vertebra  was  not  united  with  the 
sacrum.  Every  dorsal  rib  unites  with  two  transverse  processes,  in  this  respect 
probably  rather  approximating  to  the  type  of  Pareiasaurus  than  to  Dicynodonts. 
There  can  be  no  doubt  that  the  pelvis  was  also  substantially  formed  on  the  Dicyno¬ 
dont  plan,  though  the-  antero-posterior  processes  of  the  ilium  appear  to  have  been 
much  less  developed  even  than  in  Phocosaurus.  In  1866,  voN  Meyer  described  some 
additional  remains  from  Orenburg,  which  he  referred  to  Eurosaurus  verus,  and  which 
may  be  accepted  as  making  better  known  the  skeleton  of  Brithopus  priscus  of 
Kutorga.  I  have  examined  the  figured  bones  preserved  in  the  Senckenberg  Museum. 
They  comprise  a  fragment  of  a  large  tooth  with  a  finely  serrated  border,  comparable 
to  canine  teeth  in  many  South  African  genera,  described  by  Sir  R.  Owen  as  Theri- 
odont.  Von  Meyer  remarks  on  the  close  resemblance  of  the  posterior  part  of  the  skull 
to  the  corresponding  region  of  Dicynodon.  It  is  obviously  formed  on  the  same 
general  plan,  but  the  foramen  magnum  is  triangular,  and  broader  than  high.  The 
occipital  condyle,  which  is  also  very  wide,  appears  to  be  tripartite,  as  in  Dicynodonts. 
There  is  a  median  excavation  below  the  basi-occipital  part  of  the  condyle,  though  this 
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is  much  narrower 'than  in  Dicynodouts,  and  rather  suggests  Placodoiits.  There  is  a 
vertical  median  ridge  above  the  summit  of  the  foramen  magnum.  On  the  other  side 
of  tlie  specimen  there  is  an  impression  of  that  ex- occipital  process  which  extends 
transversely  outward,  and  gives  attachment  to  the  lower  part  of  the  squamosal.  The 
impression  was  evidently  due  to  a  squamous  bone  being  lost  from  it,  and  I  can  only 
surmise  that  tlie  missing  element  may  have  been  the  quadrate ;  but  such  a  relation  of 
the  cjuadrate  is  never  found  in  any  Dicynodont,  The  impression  of  the  lateral  border 
of  the  cerebral  cavity  is  seen,  and  appears  to  have  been  relatively  wider  than  in  South 
African  Peptiles.  The  large  foramen  for  the  fifth  and  other  nerves  is  partly  defined, 
and  the  ali-sphenoid,  which  bounds  it  in  front,  ascends  as  a  slender  process.  Between 
the  ali-sphenoids  the  brain  cavity  contracts.  There  is  a  median  excavation  for  its  fioor 
in  the  basi-sphenoid.  Anteriorly  the  basi-sphenoid  terminates  in  a  lai'ge  transv'erse 
sutural  facet.  There  are  thus  conspicuous  resemblances  of  this  occipital  plate  to  the 
bone  figured  in  this  memoir,  it.  1021,  and  differences  which  show  it  to  have  belonged 
to  another  generic  type  of  the  same  order.  A  single  vertebra  is  figured  by  vox 
Meyer.  Its  neural  arch  rather  suggests  Nothosaurs,  while  the  cupped  form  of  the 
body  is  Plesiosaurian.  The  vertebra  appears  to  be  dorsal,  and  the  rib  articulates  by 
two  heads,  but  narrowly  separated  from  each  other,  rather  suggesting  the  Plesio¬ 
saurian  than  the  Ichthyosaurian  type,  but  making  a  transition  from  the  double¬ 
headed  anterior  dorsal  rib  type  of  Pareiasaiirus  to  the  single-headed  dorsal  type  of 
Plesiosaurus.  The  scapular  arch  is  instructive,  although  the  hones  are  imperfect.  It 
was  formed  by  the  scapula  and  coracoid  and  pre-coracoid.  The  pre-coracoid  is  a 
comparatively  large  bone,  which  extends  to  the  margin  of  the  articular  surface  for  the 
humerus.  It  is  perforated  by  the  usual  foramen,  which  passes  obliquely  forward,  so 
that  on  the  internal  surface  it  excavates  the  margin  of  the  scapula,  in  the  way  seen 
in  Dicijnodon.  Other  specimens  show  the  scapula  as  a  strong  compressed  plate  of 
somewhat  Dinosaurian  form,  but  not  dissimilar  to  types  of  scapulae  from  South  Africa. 
The  humerus  has  the  radial  crest  moderately  developed,  and  has  a  rather  more 
slender  shaft  than  is  usual  in  the  Dicynodont  family,  though  more  slender  bones  are 
known.  The  pelvis  is  remarkable  for  the  way  in  which  the  ilium  contracts  above  the 
acetabulum,  and  for  the  narrow  superior  facet  in  the  acetabulum  for  articulation  with 
the  femur.  It  more  suggests  Phocosaurus  than  any  Dicynodont ;  and  the  obfurator 
foramen  has  a  similar  oblique  passage  through  the  bone,  extending  forv^'a]’d  towards 
the  pubic  border.  The  narrowing  of  the  superior  mass  of  the  ilium  may  be  profitably 
compared  with  the  spatulate  condition  of  the  attached  end  of  the  ilium  in  Plesio¬ 
saurus  (as  well  as  with  the  reduced  dimensions  of  the  bone  in  Nothosaurus).  The 
expanded  forms  of  the  pubis  and  ischium  are  intermediate  in  character,  as  in  mode 
of  union,  between  the  conditions  of  those  bones  in  Plesiosaurs,  Nothosaurs,  and 
Ichthyosaurs.  A  proximal  end  of  an  ulna  is  figured  by  von  Meyer,  which  is 
interesting  as  showing  not  only  similar  form  to  that  seen  in  South  African  Dicyn- 
odonts,  but  it  also  gives  evidence  that  the  bone  dev'eloped  an  epiphysis  or  olecranon 
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ossification,  wliicli  has  been  lost.  (Jther  fragments  of  long  bones  appear  to  be 
referable  to  the  fibula,  bi;t  they  are  too  imperfect  for  determination  without  re-exarni- 
nation  of  the  specimens.  There  is,  therefore,  no  doubt  that  Britliopus,  if  all  these 
bones  are  correctly  referred  to  it,  behmgs  to  the  Anomodont  oixler,  and  that  its  place 
is  substantially  that  assigned  to  it,  by  Sir  IT.  Owen.  TTiere  is  also  good  reason 
for  accepting  the  conclusion  that  Deuterosaurvs  and  Bhopalodon  must  be  closely 
associated  with  it,  and  they  contribute  materially  to  a  knowledge  of  the  vertebral 
column  and  limb  bones  of  the  group.  But  I  should  place  them  in  the  sub-order 
Gennetotheria. 

I  have  seen  no  evidence  v/hich  establishes  generic  identity  between  the  Anomodonts 
from  the  Triassic  rocks  of  India  and  the  Dicynodonts  from  South  Africa. 

Comparison  ivith  Placodus.  (See  Plate  24,  figs.*  5,  G.) 

In  Placodus  the  malar  succeeds  the  maxillary,  and  behind  the  orbit  overlaps  the 
squamosal,  which  is  equally  deep  and  is  prolonged  backward,  forming  the  outer  bar 
of  the  temporal  foss.  The  relation  of  the  squa.mosal  to  the  expanded  plate  of  the 
back  of  the  skull  is  that  of  an  Anomodont,  for  the  back  of  the  skull  in  Placodus  is  a 
basin-shaped  space.  The  quadrate  bones  descend  below  the  squamosals  at  the  outer 
limits  of  the  basin,  but,  except  at  the  margin  of  the  condyle,  which  articulates  with 
the  lower  jaw,  the  bone  is  not  exposed  in  lateral  view.  Below  the  squamosal  is  a 
bone  which  is  in  the  position  of  the  supra-quadrate  and  quadrato-jugal,  and  it 
appears  to  be  divided  by  an  oblique  suture  which  would  separate  the  transverse 
supra-quadrate  part  from  the  vertical  quadrate  part  or  quadrato-jugal.  There  is  a 
sub-circular  excavation  at  the  anterior  angle  where  these  parts  meet,  and  this  con¬ 
cavity,  which  is  probably  auditory,  forms  the  posterior  and  inferior  limit  of  the 
compressed  vertical  temporal  arch. 

The  mode  of  union  of  the  head  with  the  vertebrae  was  remarkable.  Placodus 
shows  no  sign  of  a  basi-occipital  condylar  articulation,  for  the  inferior  margin  of  the 
foramen  magnum  is  a  thin  film  of  bone.  But,  laterally,  on  each  side  of  the  middle  of 
the  foramen  magnum,  the  ex-occipital  bones  are  prolonged  outward  and  backward, 
exactly  like  the  posterior  zygapophyses  of  a  vertebra  ;  and  on  the  left  side,  which 
alone  is  disengaged  from  the  matrix,  this  process  shows  on  its  inferior  surface  a 
transversely  oblong  fiat  facet,  which  looks  downward.  This  is  the  occipital  condyle  ; 
and  thus  Placodus  has  two  occipital  condyles,  which  closely  approach  to  the 
Mammalian  type,  and  the  neural  arch  of  the  atlas,  and  not  the  centrum,  articulates 

with  the  skull  so  far  as  the  evidence  goes.  Therefore  I  am  led  to  compare  the 

Placodontia  and  Cotylosauria,  and  to  infer  that  they  are  probably  members  of  the 
same  group  of  animals.  Since  the  Mammalian  atlas  unites  with  the  skull,  by 

elements  of  the  neural  arch,  and  the  centrum  takes  no  part  in  the  articulation,  we 

seem  to  find  in  Placodus  a  Beptile  in  which  the  mode  of  union  of  the  vertebral 
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column  and  skull' usual  in  Reptiles  is  lost,  and  that  which  characterizes  Mammals  is 
assumed. 


On  the  Relation  to  the  Anomodontia  of  the  Fossil  Animals  termed  Pelycosauria  and 

Cotylosauria. 

In  h  is  catalogue  of  the  Permian  Reptiles  of  North  America,  Professor  Cope 
enumerates  15  genera  and  39  species  described  by  himself  since  1877.  which  are 
referred  to  a  group  named  Pelycosauria.  This  group  is  combined  with  the  Anomo¬ 
dontia  into  an  order  named  Theromorpha.  Few  of  the  American  fossils  have  been 
figured,  so  that  their  exact  relation  to  the  Anomodontia  is  not  easily  determined  ; 
but,  in  so  far  as  I  can  judge  from  the  description,  few  of  the  characters  relied  upon  to 
differentiate  them  sustain  the  author’s  estimate  of  their  importance  in  classification, 
while  their  affinity  to  the  Anomodontia  is  so  close  tiiat  I  can  realize  no  obstacle  to 
grouping  the  Pelycosauria  as  a  sub-order  of  Anomodonts.  I  base  this  conclusion  on 
the  following  facts 

(1)  Professor  Cope  defines  the  Pelycosaurian  scapular  arch  as  consisting  of  scapula, 
coracoid,  and  epi-coracoid,  blended  like  an  os  innominatum.  But  Sir  R.  Owen,  in 
1876,  in  his  ‘South  African  Catalogue,’  Plate  69,  figs.  5,  6,  figured  a  South  African 
specimen  which  shows  this  condition,  and  he  regarded  the  fossil  as  Dicynodont. 
Professor  Cope  remarks  on  the  Mammalian  character  of  the  scapular  arch,  and  states 
that  in  Dimetrodon  the  coracoid  is  smaller  than  the  epi-coracoid,  as  in  Monotremes. 

(2)  The  author  also  affirms  that  the  pelvic  arch  is  identical  in  structure  with  that 
of  the  Anomodontia,  and  is  considered  to  resemble  Echidna. 

(3)  In  the  limb  bones  reference  is  made  to  the  possible  presence  of  epiphyses  in 
Pelycosauria.  I  have  found  epiphyses  to  be  well  developed  in  the  limb  bones  of 
Anomodonts.  The  humerus  is  said  to  resemble  that  of  Echidna,  but  the  nature  of 
the  resemblance  is  not  stated. 


The  Pelycosauria. 

There  are  few  data  for  judging  of  the  systematic  value  of  the  Pelycosauria.  But 
in  view  of  the  fact  that  the  Anomodontia  was  originally  made  to  include  animals 
which  are  allied  to  the  Pelycosauria,  supposing  that  group  to  be  v'ell  founded,  it  seems 
more  in  accordance  with  usag^e  to  class  those  animals  among’  the  Anomodonts  than  to 
adopt  a  new  name  like  Theromorpha  for  a  well-known  ordinal  t3^pe. 

There  is  need,  however,  that  the  distinctness  of  the  Pelj-’ccsauria  should  be  esta¬ 
blished.  The  tibiale  and  centrale  are  said  to  unite  to  form  an  astragalus  which  has  no 
movement  on  the  tibia.  One  face  of  the  astragalus  receives  the  cuboid.  Subsequent!}^ 
an  entire  tarsus  w'as  figured  which  has  a  very  Mammalian  aspect.  It  is  regarded  as 
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referable  to  Clepsych'ops  natalis  {Qoye)‘^ ,  is  classed  as  Pelycosaurian.  A  similar 

tarsus  was  subsequently  referred  with  doubt  to  the  genus  Theropleuro It  is  difficult 
to  judge  of  its  importance.  Its  characters  appear  to  be  more  Mammalian  than  those 
of  the  Crocodilian  tarsus,  for  the  Ijones  of  the  distal  row  are  completely  ossified.  The 
tarsus  is  absolutely  unknown  in  any  Anomodont  from  Africa,  Europe,  or  Asia  ;  and, 
therefore,  there  is  no  means  of  comparison  with  this  American  fossil. 

The  Pelycosauria  are  said  to  have  two  or  three  sacral  vertebrae,  a  notochordal 
column,  and  inter-centra  usually  present.  With  the  evidence  that  Dinosaurs  may 
have  as  few  as  two  sacral  vertebrae,  as  well  as  a  larger  number  than  has  been  found 


Fig.  5. 


in  any  Anomodont,  this  ground  of  ordinal  distinction  fails.  Similarly,  the  mode  of 
ossification  of  the  inter-vertebral  substance  presents  many  types  among  Anomodonts, 
one  of  which  already  figured  by  Sir  P.  Owen  might  be  regarded  as  notochordal. 
What  the  value  of  the  inter-centra  may  be  I  am  unable  to  say,  as  they  have  not 
been  figured ;  but,  inter-centra,  as  I  understand  them,  are  not  unknown  among 
Anomodonts. 

The  remarkable  vertebral  column  with  vertically  eloirgated  neural  spines  referred  to 
Dimetrodon  is*  apparently  unlike  any  known  Anomodont,  but  the  elongation  of  the 
neural  spines  in  certain  Wealden  Peptiles,  like  (?)  Ilylceosaurus,  is  not  considered  to 
militate  against  their  position  in  the  group  to  which  they  belong.  And  it  may  be 
doubted  if  the  more  extraordinary  neural  spine  of  Naosauras  {loc.  cit.,  Plate  III.), 
with  its  transverse  branches,  has  any  greater  classificational  value,  since  the  transverse 
branches  are  the  only  character  by  which  the  author  separates  Naosaiirus  from 
Dimetrodon.  In  IheropAeura,  which  is  also  described  as  having  elevated  neural 
spines,  abdominal  dermal  rods  are  found.  These  appear  to  be  of  the  same  nature  as 

*  ‘  Araer.  Phil.  Soc.  Proc.,’  August,  1884. 
f  ‘  Amer.  Pliil.  Soc.  Trans.,’  vol.  16,  Plate  III. 
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the  abdominal  rods  of  Protorosaurus,  and  Mesoscairus,  from  South  Africa  ;  but  I  shall, 
when  dealing  with  the  latter  type  be  able  to  show  that  those  rods  are  composite  ribs 
comparable  with  the  abdominal  armature  of  Plesiosaurians.  Professor  Cope  has  also 
noticed  abdominal  rods  in  Stereosternum,  and  in  a  Batrachian  genus  Ichthy acanthus. 
No  such  structure  is  known  in  any  Anomodont,  but  there  is  no  evidence  of  its  absence  ; 
and  a  priori  considerations  suggest  that  it  will  be  found. 

Professor  Cope’s  contributions  to  a  knowledge  of  the  skull  are  of  great  interest. 
The  only  genera  which  have  been  figured  are  Empedias  and  Naosaurus.  The  former 
is  referred  to  the  Diadectidfe,  defined  as  Pelycosauria  with  transverse  molar  teeth. 
A  cast  of  the  brain  cavity  in  this  type  has  also  been  figured.  The  author  describes 
the  brain  case  as  extending  between  the  orbits,  and  in  that  family  it  is  said  to  be 
completely  closed  in  front,  after  the  manner  of  Ophidians.  Sir  R.  Owen  has  described 
a  Theriodont  Nytliosaurus  {Galesaurus)  (‘S.A.  Cat.,’  Plate  XXXIV.,  fig.  2)  in  which  a 
similar  condition  appears  to  exist ;  only  there  is  no  such  enlargement  of  the  cerebral 
epiphysis  in  the  South  African  fossil,  and  the  American  fossil,  although  widening 
anterior  to  the  epiphysis,  expands  in  a  much  less  marked  manner.  It  may  be  remarked 
in  passing  that  the  vertical  foramen  for  the  fifth  nerve,  figured  by  Professor  Cope  in 
the  cast  of  the  brain  case,  is  quite  in  harmony  with  the  vertical  foramen  similarly 
placed  in  Anomodoiits.  In  another  genus,  Edaphosaiiriis,  Professor  Cope  describes  a 
distinct  element  as  connecting  the  basi-occipital  on  each  side  with  the  quadrate.  This 
is  not  figured,  but  the  description  is  suggestively  indicative  of  the  bone  figured  by 
Sir  R.  Owen  in  1845  in  Dicynodon  lacerticeps,  which  was  then  regarded  as  the  par- 
occipital.  This  bone  is  found  to  be  characteristic  of  the  Dlcynodontia.  Professor  Cope 
regards  the  skull  in  the  Diadectidse  as  possibly  forming  the  type  of  a  sub-order,  for 
which  the  name  Cotylosauria  was  suggested.  There  is  a  plain  facet  on  each  side  of 
the  foramen  magnum,  which  expands  largely  below  these  facets.  The  bone  which 
bounds  the  forainen  interiorly  presents  a  vertical  median  posteriorly  projecting  process, 
on  each  side  of  which  there  is  a  transverse  cotylus,  much  like  those  of  an  atlas  wdiich 
are  applied  to  the  occipital  condyles  of  the  Mammalian  skull.  These  concavities  are 
further  said  to  occupy  precisely  the  position  of  the  Mammalian  condyles.  The  bone 
in  which  they  are  excavated  is  said  to  ha^’e  the  form  of  the  Mammalian  basi-occipital 
and  of  the  Reptilian  sphenoid.  The  author  afterwards  expressed  doubt  as  to  whether 
this  form  of  articulation  might  not  be  due  to  the  loss  of  a  loosely  articulated  basi- 
occipital  bone.  This  is  the  most  distinctive  feature  of  the  Pelycosauria,  but  it  does 
not  appear  to  extend  beyond  the  family  Diadectidse.  The  occipital  condyle  is 
described  as  undivided  in  Edaphosaurus^  and,  therefore,  the  argument  tends  towards 
the  conclusion  that  the  Cotylosauria  may  be  distinguished  from  the  Dicynodontia,  but 
not  to  sustain  the  Pelycosauria  without  further  evidence.  The  nearest  approximation 
to  this  condition  of  the  occipital  articulation  with  which  I  am  acquainted  is  that  seen 
in  the  Placodontia  ;  and,  in  so  far  as  I  can  judge  from  the  evidences  given  in  the 
figures  of  the  skull  of  Empedias  (‘ Amer.  Phil.  Soc.  Proc,’  vol.  19,  Plate  Y.),  there  are 
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no  ordinal  characters  to  separate  the  Cotylosauria  from  tliat  group.  The  pterygoid 
bones  are  similarly  expanded  ;  the  vacuities  of  the  skull  which  can  he  com])ared  are 
similarly  placed ;  the  quadrate  bone  appears  to  be  similarly  excavated  in  the  auditoiy 
region. 

The  description  of  the  palate  in  Empedias  is  unintelligible  when  compared  with 
the  figures,  for,  although  the  pterygoid  bones  may  be  identified  by  their  posterior 
position  and  by  meeting  the  quadrate,  as  well  as  by  the  downward  direction  of  their 
external  borders,  they  are  described  as  the  palatines.  The  median  bone  in  front  of 
them  is  termed  the  vomer,  and  said  to  carry  two  rows  of  small  conical  teeth.  This 
bone  is  stated  to  be  separated  from  the  maxillary  by  a  groove,  which  is  represented 
in  the  figure.  Hence,  the  pterygoid  bones  and  vomer  are  the  only  elements  of  the 
palate  described,  excepting  the  greatly  expanded  palatine  plates  of  the  maxillary  ;  and 
I  therefore  infer  that  the  palatine  bones  must  have  occupied  the  posterior  part  of  the 
groove  between  the  pterygoid,  vomer,  and.  maxillary  bones.  If  the  palatines  are  thus 
lost  and  absent,  the  skull  would  still  have  points  in  common  with  the  Anomodont 
group,  though  the  absence  of  a  median  vacuity,  defined  by  the  pterygoids  and 
palatines,  is  a  remarkable  difference  ;  but  it  is  a  character  shared  by  the  PlacodouAia, 
and  by  the  Endothiodontia — supposing  the  latter  group  to  be  distinct  from  the  former, 
wdiich  has  yet  to  be  established.  The  figure  which  Professor  Cope  has  given  of  the 
skull  of  Naosauras  establishes  a  well  developed  maxillary  dentition,  but  differs  in 
remarkable  characters  from  the  Dicynodontia  in  the  conditions  and  relations  which 
are  attributed  to  the  quadrate  and  squamosal  bones  ;  but  they  do  not  differ  from 
the  Dicynodontia  more  than  do  the  Pareiasauria,  or  the  Placodontia,  hardly  more 
than  the  Theriodontia.  On  the  evidence  of  the  skull  I  am  led  to  regard  the  Cotylo¬ 
sauria  as  intermediate  between  the  Placodontia  and  the  Theriodontia,  and  the  Pelyco- 
sauria,  in  so  far  as  it  is  possible  to  judge  from  the  fragment  of  skull  of  Naosaurus 
representing  it,  is  intermediate  between  the  Gennetotheria  and  the  Placodontia. 

Comparison  of  Anomodontia  and  Protorosauria. 

There  is  no  evidence  of  close  affinity  between  these  groups  which  would  at  present 
justify  their  association  under  one  ordinal  type,  yet  their  relation  to  each  other 
appears  to  be  closer  than  has  hitherto  been  supposed.  The  pelvis  of  Protorosaurus 
is  essentially  intermediate  between  that  of  Ornithosaurs  and  Anomodonts.  The  limb 
bones  are  more  slender  than  in  any  known  Anomodont,  but  the  somewhat  Mammalian 
character  of  the  tarsus,  if  unknown  in  the  Anomodontia,  appears  to  be  paralleled  in 
the  American  animals  whicli  Professor  Cope  names  Pelycosauria.  Although  the 
evidence  is  very  imperfect  and  inconclusive,  I  am  disposed,  from  a  cast  of  the 
Freiberg  specimen  of  Protorosaurus  which  Dr.  Woodward  has  obtained  for  the 
British  Museum,  to  think  that  the  scapular  arch  in  that  specimen  probably  includes 
pre-coracoid  elements,  and  may  be  constructed  upon  the  Anomodont  plan.  The 
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circumstance  that 'teeth  occur  upon  the  bones  of  the  palate  in  Procolophon,  and  that 
the  vomera  meet  the  pterygoid  bones  with  tlie  palatines  external  to  them  in  the  same 
relative  positions  as  in  my  restoration  of  Protorosaurus  (‘  Phil.  Trans.,’  B.,  vol. 
178  (1887),  p.  205),  would  prepare  me  to  find  other  points  of  correspondence  in  the 
skulls  of  those  types,  while  the  fact  that  the  Anomodonts  occur  in  the  Permian 
rocks  of  France  and  Bussia  makes  an  affinity  with  that  type  less  improbable  in  the 
Thlirinoferwald  Saurians. 

Comparison  of  the  Anomodontia  with  the  Saurischia. 

The  skeleton  is  imperfectly  known  in  the  Saurischia  in  details  of  structure  ;  but  the 
following  resemblances  may  have  value  as  showing  affinity. 

The  ilium  in  both  types  may  be  extended  behind  the  acetabulum  as  well  as  in  front 
of  it ;  but  in  several  genera  there  is  a  tendency  for  the  anterior  extension  to  be  the 
more  conspicuous.  The  pubis  and  ischium  meet  by  a  median  vertical  suture ;  but 
while  these  bones  are  thus  united  in  known  Anomodonts  down  to  the  median 
symphysis,  there  is  in  the  Saurischia  a  more  or  less  large  ventral  vacuity  by  which 
the  median  symphysis  of  the  two  pubic  bones  is  separated  from  the  corresponding 
union  of  the  ischia. 

The  larger  limb  bones  may  have  much  iu  common,  and  I  am  aware  of  no  satis¬ 
factory  characters  by  which  the  femur,  tibia,  fibula,  ulna,  and  radius  could  be  always 
differentiated,  and  the  humerus  has  enough  in  common  to  make  the  distinction  of 
type  dependent  upon  the  absence  from  the  Saurischia  of  the  foramen  or  foramina  in 
the  shaft.  The  divergence  is  conspicuous  in  the  carpus  and  tarsus  and  the  smaller  bones 
of  the  foot ;  and  tlie  scapular  arch  appears  to  be  formed  on  a  totally  different  plan.  In  the 
vertebral  column  there  is  enough  in  common  to  have  led  Sir  B.  Owen  to  group  Pnrem- 
saurits  and  Tapinocepihalus  the  Dinosauria.  The  cervical  vertebrae  have  the  ribs 
articulated  by  two  heads  ;  but  I  am  aware  of  no  evidence  that  any  Anomodonts, 
except  Pareiasaurians,  have  this  kind  of  articulation  in  the  dorsal  region,  and  there¬ 
fore  the  vertebral  characters  will  prove  to  lie  essentially  Sauropterygian,  v.dth  only 
such  divergence  as  may  be  correlated  with  difference  in  the  condition  of  existence. 
The  resemblance  which  is  found  in  the  sacrum  of  some  genera  seems  to  me  to  be  an 
induced  resemblance,  and  not  an  inherited  character.  The  tail  is  but  imperfectly 
known  in  Anomodonts,  but  it  is  always  short,  and  no  examples  of  long  chevron  bones 
are  at  present  known.  The  skull  appears  to  be  constructed  upon  a  different  plan,  but 
it  is  only  known  among  the  Saurischia  in  Compsognathus  and  Ceratosaiir'iis,  and  in 
neither  ty])e  is  the  structure  of  the  palate  available  for  comparison. 
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Relation  hetween  Dicynodon  and  Scelidosaurus, 

Scelidosaurus  makes  a  certain  approximation  in  some  respects  to  the  Dicynodont 
skull,  but  the  resemblances  are  less  important  than  might  appear.  Tims,  though  the 
quadrate  bone  is  concealed,  as  in  Dicynodonts,  it  is  a  long,  comparatively  slender  bone, 
which  is  not  in  front  of  the  squamosal,  and  not  wedged  into  it,  while  the  quadrato- 
jugal,  which  covers  its  distal  end,  is  itself  covered  by  the  malar.  Internally  the 
quadrate  of  Scelidosaurus  sends  a  long  process  inward,  wliicli  laps  in  front  of  the 
quadrate  process  of  the  pterygoid.  Hence  the  forms  and  relations  of  the  quadrate 
bone  in  the  two  types  are  altogether  dissimilar. 

There  is  a  certain  resemblance  in  palatal  structures,  as  may  be  seen  from  the 
accompanying  restoration  of  the  palate  in  Scelidosaurus.  But  the  pterygoid  bones  of 


Fig.  6. 


Restoration  of  the  palate  of  Scelidosaurus,  from  the  specimen  in  the  British  Museum. 


the  Ornithischian  are  not  anchylosed  ;  and,  although  the  bone  has  a  similar  posterior 
expansion  in  Dicynodon,  and  a  similar  pterygoid  process,  it  possesses  an  external 
process  which  Dicynodon  has  not,  and  in  front  of  that  process  there  is  a  fragment 
which  may  be  part  of  a  transverse  bone.  If  so,  it  was  probably  prolonged  laterally  to 
the  malar,  and  not  anteriorly,  like  the  pterygoid  of  Dicynodon.  Anterior  to  the 
pterygoid  Scelidosaurus  has  a  small  ossification  which  appears  to  be  a  delicate  palatine 
bone  placed  in  the  median  line,  and  therefore  unlike  the  lateral  palatine  of  Dicynodon, 
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while  at  the  anterior  fracture  the  double  vomera  make  a  dilference  from  the  vomer  of 
Dlcynodon  ;  so  that  I  regard  the  palate  in  the  two  groups  as  formed  on  different  types. 

The  Theory  of  the  Anomodont  Skidl. 

Ouly  when  it  is  established  that  the  Dicynodontia,  and  therefore  the  allied  Anomo- 
donts,  differ  as  sub-orders  from  the  Pareiasauria,  does  it  become  possible  to  realize 
the  magnitude  of  the  changes  which  a  skull  may  undergo  in  the  same  natural  group 
of  animals,  and  also  how  considerable  is  the  gap  which  remains  to  be  filled  in  before 
the  most  Mammalian  type  of  Anomodont  could  be  transformed,  in  so  far  as  its  skull  is 
concerned,  into  a  Mammal.  We  are  at  present  ignorant  of  the  modes  of  elaboration 
of  such  change,  beyond  knowing  that  certain  bones  have  to  be  obliterated  from  the 
Reptilian  skull  to  make  it  Mammalian.  But  whether  that  loss  was  brought  about  by 
the  peculiarly  Reptilian  elements  dwindling  in  size  until  they  disappeared,  while  the 
peculiarly  Mammalian  elements  augmented  their  growth  in  a  corresponding  way  to 
take  their  places,  or  whether  the  Mammalian  type  implies  such  an  osteological  retro¬ 
gression  as  the  loss  of  some  fundamental  segmentations  which  divide  bones  from  each 
other  in  ancestral  types,  cannot  be  determined,  even  with  j^robability,  without  the  aid 
of  theory.  I  liave  already  regarded  the  skull  as  a  more  primitive  part  of  the  skeleton 
than  the  vertebral  column,  less  specialized  ;  so  that  it  preserves  structures,  which 
originally  existed  in  the  vertebral  column,  long  after  the  vertebrse  have  lost  them.'^ 
I  have  compared  the  roof  bones  of  the  skull  to  the  roof  bones  of  the  vertebral 
column  which  exist  in  those  plagiostomous  Fishes  in  which  theie  is  a  superior 
intercalary  segment  introduced  between  two  adjacent  neural  arches.  This  seems 
to  me  to  explain  the  presence  in  the  skulls  of  lower  Vertebrates  of  those  bones 
which  have  been  termed  inter-parietal,  post-frontal,  and  pre-frontal.  The  inter¬ 
parietal  persists  in  some  Mammals,  and  in  some  orders  is  absent.  When  it  is 
absent  it  is  manifestly  blended  with  the  supra-occipital.  I  see  no  reason  for 
thinking  that  the  inter-parietal  gradually  disapjjeared,  and  that  the  supra-occipital 
grew  at  its  exjiense  ;  but,  just  as  the  inter-centrum  may  become  blended  with  the 
centrum,  so  these  bones  have  blended  with  some  associated  elements  in  the  skull. 
The  argument  in  favour  of  this  interpretation  rests  upon  the  fact  that  in  those  Fishes 
in  which  the  intercalary  neural  elements  are  present  the  neural  arches  form  an 
unbroken  continuous  tube,  whereas  in  those  animals  in  which  they  are  not  found  there 
are  more  or  less  appreciable  gaps  between  contiguous  neural  arches  ;  and,  if  any  element 
in  the  cov^ering  of  the  skull  were  absent,  it  seems  more  probable  that  a  fontanelle 
would  result  than  that  the  other  bones  would  take  its  place.  Similarly,  in  certain 
Chelonians,  like  Podocnemis  and  Rhinochelys,  the  pre-frontal  bones  retain  the  distinct 
individuality  which  characterizes  them  in  other  Reptilia  ;  whereas  in  the  majority  of 
Chelonians  this  individuality  is  lost,  and  the  pre-frontal  bones  are  not  difierentiated 
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from  the  nasal  bones.  Thus  the  suture  becomes  lost,  not  by  the  growth  of  the  nasal 
at  the  expense  of  the  pre-frontal,  but  by  an  absence  of  segmentation  which  causes  the 
nasal  region  of  such  Chelonians  to  become  Mammalian.  In  the  same  way  I  would 
interpret  the  loss  of  the  post-frontal  bone  in  Mammals.  The  common  position  of  this 
bone  is  at  the  back  of  the  orbital  vacuity.  It  is  manifest  that  in  many  Mammals 
there  is  no  bone  between  the  posterior  border  of  the  orbit  and  the  jugal  bone  below, 
and  in  all  such  cases  the  bone  may  be  lost  through  not  being  ossified.  But  in  other 
types  the  post-orbital  bar  is  present,  and  mainly  formed  by  the  frontal  bone.  It 
therefore  would  seem  probable  that  the  post-frontal  had  lost  its  individuality,  because 
in  the  vertebral  plan  it  was  a  portion  of  the  arch  formed  by  the  frontal  bones,  just  as 
the  pre-frontals  were  portions  of  the  arch  formed  by  the  nasal  bones.  The  parietal 
bones  in  Lizards  appear  to  show  the  accomplishment  of  a  union  of  a  similar  kind. 
Theoretically  there  should  be  a  pair  of  bones  between  the  parietal  and  inter-parietal 
elements.  These  bones  are  not  found,  but  the  parietal  is  seen  to  bifurcate  posteriorly, 
and  the  bifurcations  have  no  obvious  relation  to  the  plan  of  the  median  element  of 
the  bone.  There  is  some  evidence,  though  very  inconclusive,  that  these  posterior 
arms  of  the  parietals  are  separate  ossifications  in  the  Dicynodontia.  They  extend 
along  the  parietal  crest,  parallel  to  each  other,  overlapping  the  end  of  the  parietal, 
and  they  appear  to  diverge  forward,  whereas  the  parietal  bone  of  Dicynodonts  is 
undivided.  If  this  distinction  should  hereafter  be  established,  it  would  contribute  an 
element  of  symmetry  in  the  theory  of  the  skull,  and  would  help  to  fortify  the 
theoretical  principles  on  which,  in  the  matter  of  the  bones  referred  to,  a  transition 
might  be  made  from  the  Reptilian  to  the  Mammalian  type. 

A  more  important  difference  betwmen  Reptiles  and  Mammals  is  found  in  the  mode 
of  union  of  the  lower  jaw  with  the  skull.  Theory  has  for  a  long  time  concerned  itself 
with  the  fate  of  the  quadrate  bone.  Sir  Richard  Owen,  following  the  school  of 
Cuvier,  termed  the  quadrate  bone  the  tympanic,  and  taught  that  it  becomes  in 
Mammals  the  ring  which  supports  the  drum  of  the  ear.  This  is  a  view  wdiich  follows 
naturally  enough  from  the  study  of  the  Clielonian  skull ;  but  I  should  never  have  seen 
my  w^ay  to  accept  it  without  the  evidence  which  Anomodont  skulls  give  of  the  history 
of  the  quadrate  bone,  and  its  relation  to  the  squamosal.  Hitherto  those  bones  have 
been  imperfectly  understood.  The  squamosal  is  of  large  size  and  sends  a  zygomatic 
process  forward,  which  combines  wdth  the  malar  bone  to  form  the  zygomatic  arch, 
and  it  sends  a  process  downward,  in  which  the  quadrate  bone  is  embedded.  I  have 
here  figured  several  examples  of  this  relation  of  the  quadrate.  The  squamosal  extends 
in  front  of  it  and  hides  it,  and  extends  internal  to  it,  so  that  the  lower  jaw  comes 
to  articulate  with  the  squamosal  bone  apparently,  as  well  as  with  the  quadrate.  In 
one  example  the  quadi’ate  bone  is  perforated  by  a  large  excavation  ;  and  I  regard  this 
excavation  as  auditory  and  comparable  to  the  auditory  notch  or  excavation  in  the 
Chelonian  quadrate.  In  the  Theriodont  Galesaurus  the  form  of  the  skull  has  become 
Mammalian  ;  the  inferior  process  of  the  squamosal  is  lost,  and  the  zygomatic  process 
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forms  the  larger  part  of  the  bone,  and  it  is  only  on  the  posterior  aspect  of  the  skull 
that  what  appears  to  be  the  small  quadrate  is  seen,  taking  part  with  the  squamosal 
in  forming  the  articulation.  Another  step  in  the  evidence  of  transition  is  needed,  but 
I  cannot  doubt  that  when  once  a  direct  articulation  is  established  between  the  lower 
jaw  and  the  squamosal,  with  the  articulation  moved  a  little  forward,  and  the  small 
quadrate  seen  only  behind,  that  the  loss  of  work  would  lead  to  a  diminished  growth 
of  that  bone  ;  and  that  no  function  is  eventually  left  to  the  quadrate  but  to  support 
the  tympanic  membrane  and  surround  the  auditory  aperture.  Albrecht,  tinding  that 
occasionally  a  suture  separates  the  articular  part  of  the  squamosal  bone  from  the 
squamous  portion  in  mammals,  concludes  that  the  zygomatic  portion  of  that  bone 
represents  the  quadrate  bone,  but,  as  we  have  seen  that  the  squamosal  in  Anomodonts 
has  the  same  relation  to  the  skull,  and  to  the  lower  jaw,  as  in  Mammals,  this  interpre¬ 
tation  has  no  support  in  the  Anomodontia. 


Chimcera. 

Showing  the  relation  of  the  centrnm  to  elements  of  the  nenral  arch  in  Elasmobranch  Fishes,  after Hasse. 


Professor  Cope  has  described  the  quadrate  bone  of  Clepsydrops  natalis  as  having  a 
horizontal  ramus,  which  he  affirms  to  be  “  nothing  more  than  the  zygomatic  process 
of  the  squamosal  bone  of  the  Mammalia  forming  with  the  malar  bone  the  zygomatic 
arch,”  But,  from  the  fact  that  in  the  Dicynodontia  and  Theriodontia  the  squamosal 
bone  always  takes  the  development  and  function  here  attributed  by  Cope  to  the 
quadrate,  there  is  an  a  p)'^dori  improbability  that  a  type  so  nearly  allied  to  the 
Anomodontia  should  present  a  fundamentally  different  structure,  when  the  external 
characters  are  described  as  similar.  It  is  difficult  to  suppose  there  has  been  any  error 
in  the  interpretation  of  the  facts,  since  Professor  Cope,  in  1870,  recognized  the 
quadrate  bone  in  a  South  African  Anomodont  skull  ;  but  in  the  absence  of  fio-ures  it 
is  impossible  to  judge  of  the  evidence  on  which  the  interpretation  rests. 

A  feature  which  specially  distinguishes  the  Dicynodont  skull  from  the  skulls  of 
allied  animals  is  the  enormous  development  of  the  squamosal  bone,  and,  although 
it  is  difficult  to  speak  with  confidence  on  a  matter  that  is  necessarily  hypothetical,  it 
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seems  to  me  probable  that  this  development  is  the  cause  for  the  scattered  positions 
of  the  otic  bones,  and  that  when  the  scjuamosal  becomes  smaller  those  bones  come 
into  closer  relation. 

The  skull  structure  is  especially  suggestive  in  relation  to  elements  in  the  Mammalian 
auditory  region  which  are  not  found  in  Reptiles.  In  Echidna  two  elements  are  seen, 
one  an  imperfect  circle,  and  another  external  and  anterior  to  it.  The  former  of  these 
is  in  contact  with  the  pterygoid,  just  as  is  the  quadrate  bone  in  Reptiles  and  Birds. 
The  latter  is  extended  between  the  squamosal  and  the  pterygoid,  and  meets  the 
tympanic  ring.  It  is  regarded  as  the  malleus.  This  bone  almost  exactly  corresponds 
m  position  with  the  bone  in  the  Dicynodont  skull  which  has  been  often  referred  to  in 
my  descriptions  of  the  palate.  The  tympanic  ring  similarly  corresponds  to  the 
quadrate  bone  ;  and  the  relations  of  malleus  and  tympanic  in  Echidna  to  each  other, 
and  to  the  surrounding  skull  bones,  are  almost  exactly  those  of  the  quadrate  and  malleus 
in  Anomodonts,  though  both  bones  are  relatively  much  larger  in  the  Reptile  than  in 
Mammals.  Hence  it  seems  to  follow  that  when  the  squamosal  came  to  extend  outside 
the  quadrate  and  in  front  of  it,  taking  on  itself  part  of  the  function  of  forming  the 
articulation  for  the  lower  jaw,  that  the  quadrate  and  malleus  would  be  thrown  inward 
and  backward,  and  diminish  in  size  at  the  same  time.  Some  steps  in  this  process  of 
degeneration  are  seen  in  Anomodonts,  and  they  are  all  approximations  towards  the 
Mammalian  type. 

The  difficulty  in  harmonizing  the  composite  structure  of  the  Reptilian  lower  jaw 
with  the  simple  Mammalian  jaw  is  similar  to  the  difficulty  with  the  composite  roof  bones 
of  the  Reptilian  skull.  In  the  most  Mammal-like  of  Reptiles,  Gcdescmriis,  the  lower 
jaw  remains  as  Reptilian  as  in  a  Chelonian  or  Crocodile.  The  Mammalian  might  be 
derived  from  the  Reptilian  mandible,  in  one  of  two  ways.  It  may  be  supposed  that 
the  elements  forming  the  lower  jaw  ceased  to  be  segmented,  as  we  have  assumed  in 
explanation  of  the  roof  bones  of  the  skull,  and,  therefore,  tliat  the  Mammalian  jaw 
includes  the  same  elements  as  the  Reptilian  jaw,  but  in  an  undifferentiated  condition. 
In  favour  of  this  view  it  might  be  urged  that  a  yet  more  improbable  development  of  a 
like  kind  is  seen  in  existing  Chelonians,  where  the  dentary  elements  of  the  opposite 
sides  lose  their  individuality,  and  form  a  single  dentary  element  which  unites  the  rami. 
But,  perhaps,  it  may  be  as  well  to  rejnember.  before  following  this  speculation  further, 
that  the  articular  element  of  the  lower  jaw  would  necessarily  undergo  a  certain  change 
of  function  akin  to  those  of  the  quadrate  bone,  by  which  it  shares  the  articulation  with 
the  sur-angular  element  in  the  same  way  as  the  quadrate  shares  the  articulation  with 
the  squamosal.  And,  if  the  articular  hone  ceases  to  make  the  joint  with  the  quadrate, 
owing  to  the  abstraction  of  the  quadrate  from  such  work  in  the  skull,  it  should  result 
that  the  articular  bone  ceases  to  be  ossified,  because  the  mechanical  conditions  which 
determined  its  ossification  have  disappeared.  The  lower  jaw  is  distinctly  formed 
about  Meckel’s  cartilage  ;  and,  whereas  the  articular  bone  is  an  ossification  at  the 
terminal  end  of  that  cartilage,  and  the  only  part  of  it  which  is  ossified,  it  is  instructive 
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to  note  that,  in  the  Mammalian  jaw,  the  foramen  by  which  the  cartilage  leaves  it  is 
some  distance  in  advance  of  the  region  in  which  the  articulation  is  placed.  This 
condition  has  always  seemed  to  me  conclusive  against  the  articular  element  persisting 
in  the  Mammalian  jaw.  Secondly,  the  dentary  bone  attains  a  varying  development. 
In  Galesaurus  it  is  very  large,  and  apparently  rises  into  a  coronoid  process  as  well 
developed  as  in  any  Mammal.  But  it  seems  inconceivable  that  it  could  ever  come  to 
form  the  articulation  with  the  squamosal  if  that  articulation  M^as  previously  established 
with  the  sur-angular  bone.  There  appears,  therefore,  to  be  a  necessity  for  the  preser¬ 
vation  of  parts  which  correspond  to  the  dentary  and  sur-angular  and  angular  elements. 
But  I  see  no  such  necessity  for  the  preservation  of  the  splenlal  bone,  which  in  Crocodiles 
is  little  more  than  a  long  scale  on  the  inner  side  of  the  dentary,  or  of  the  coronoid 
bone  which  is  internal  in  position  to  the  coronoid  process  ;  so  that  I  suppose  the 
three  successive  bones  on  the  inner  side  of  the  Reptilian  lower  jaws  to  become  lost  in 
the  Mammal,  and  the  three  external  bones  to  become  united  and  preserved  as  one 
continuous  ossification.  It  may  be  within  the  limits  of  possibility  that,  after*  the 
articular  bone  was  lost,  the  angular  bone  on  which  it  rests  also  disappeared  from  the 
changed  mechanical  conditions  which  affected  its  ossification,  and  that  the  dentary 
bone,  extending  backward  at  its  expense,  may  have  eventually  invested  the  outlet 
for  Meckel's  cartilao’e  before  its  union  with  the  sur-angular  bone  was  obliterated. 
Therefore  there  are  facts  which  seem  to  point  to  a  loss  of  some  elements  from  the 
Reptilian  jaw  by  absence  of  ossification,  and  other  facts  which  render  the  union  of  the 
remaining  bones  by  a  loss  of  segmentation  highly  probable. 


Ckc^sification. 

It  would  be  premature  at  present  to  do  more  than  recognize  the  larger  groups  into 
which  the  Anomodontia  may  be  divided.  Among  such  sub-ordinal  divisions  are  the 


folio  winof 


]?asi-occipital  articulation  . 

No  temporal  vacuities  . 

No  median  bar  to  inter-clavicle 
IMedian  bar  to  inter-clavicle  . 

No  temporal  vacuities  . 

Teeth  on  pterygoid  and  vomer 
Tripartite  occipital  condyle 
Descending-  process  of  squamosal 
Not  more  than  one  tooth  in  each  maxillai-y 
Large,  laterally  compressed  incisors,  sepan 
canines  from  small  pointed  molars  .  . 

[Ex-occipital  condyles,]  No  descending  process  to’ 
squamosal  vpliich  articulates  with  lower  jaw.  Molar- 

teeth  rvitlr  poiirted  cusps . 

Ex-occipital  corrdyles.  Molar  teeth  transversely  developed, 

with  cusps . 

Ex-occipital  condyles.  Crirshing  teeth  orr  vornei-,  ptery¬ 
goid,  arrd  rrraxillary . 


ated  by 


Sub-order. 

Example. 

Pareiasauku  .  . 

Fareiasaurus. 

Pkocolophonia  .  . 

Frocolophoii- 

r  Dicynodoxtia  .  .  . 

i 

Dicynodon. 

1 

Genxetotheria  .  . 

Lycosaurus. 

,^Pely'cosaukia  (?) 

Clepsydrops. 

Theriodontia  .  .  . 

Oalesaurus. 

Coty'losauria  .  . 

Empedias. 

Placodoxtia  . 

Flacodus. 
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This  list  does  not  exhaust  the  modifications  which  the  Anomodont  type  assumes. 
It  is  rather  a  gi'ade  of  organization  than  an  order.  Its  affinities  are  of  the  widest 
kind.  Its  lowest  group  connects  Reptiles  with  Labyrinthodonts  and  Amphibians  ;  its 
intermediate  gi-oups  have  affinities  with  all  the  extinct  orders  of  Reptiles ;  and  its 
highest  groups  make  approximations  to  Mammals  which  go  some  way  towards  demon¬ 
strating  their  Reptilian  origin. 

I  would  express  my  grateful  thanks  to  Dr.  Henry  Woodward,  F.R.S.,  for  the 
many  facilities  afforded  me  in  making  this  examination  of  the  Anomodont  Rejjtilia  in 
the  Geological  Department  of  the  British  Museum. 


Fig.  1. 


Fig.  2. 
Fig.  3. 

I'ig.  4. 
Fig.  5. 


Fig.  6. 

Fig.  7. 
Fig.  8. 
Fig.  9. 


Fig.  1. 


Explanation  of  Pla,tes  9-25. 

PLATE  9. 

Galesaurus  and  Procolophon. 

Median  vertical  section  of  an  undescribed  Dicynodont  skull,  showfing  bones  of 
the  median  axis  of  the  base  of  the  brain  case,  the  pre-maxillary  and  dentary 
bone.  A  dotted  line  indicates  faint  markings  in  the  matrix  which  extend 
between  the  foramen  magnum  and  the  narial  region.  (See  p.  225.) 

Anchylosed  basi-occipital  and  basi-sphenoid  from  the  opposite  half  of  the  same 
skull.  (See  p.  225.) 

Right  side  of  skull  of  Galesaurus,  showing  the  zygomatic  arch  formed  by  the 
malar  and  squamosal  bones,  with  coronoid  process  of  the  lower  jaw  rising 
above  the  squamosal.  (See  p.  277.) 

Palate  of  the  same  skull,  showing  occipital  articulation,  position  of  malleus,  and 
composite  structure  of  lower  jaw.  (See  p.  278.) 

Superior  aspect  of  the  posterior  portion  of  internal  mould  of  the  brain  cavity 
of  Galesaurus  enlarged,  showing  vertical  and  horizontal  semicircular  canals 
on  the  left  side.  (See  p.  278.) 

Posterior  aspect  of  the  same  specimen,  showing  the  foramen  magnum,  lateral 
contour  of  brain  case,  and  semicircular  canals.  (See  p.  278.) 

Skull  o'f  Procolophon  trigoniceps  (Owen),  seen  from  above.  (See  p.  269.) 

Right  side  of  the  same  skull.  (See  p.  272.) 

Palatal  aspect  of  the  same  skull,  with  the  shoulder  girdle  and  right  fore-limb. 
(See  p.  274.) 

PLATE  10. 

South  Afi  ican  Anomodontia. 

Occipital  plate  of  a  small  Dicynodont  skull,  showing  its  constituent  elements. 
(See  p.  226.) 
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Fig.  2.  Anterior  aspect  of  the  same  specimen,  showing  the  back  of  the  brain-case. 
(See  p.  227.) 

Fig.  8.  Posterior  aspect  of  brain-case  in  Dicynodon  leonice'ps  (Owen).  (See  p.  228.) 
Fig.  4.  Quadrate  bone  of  a  new^  Anomodont.  (See  p.  239.) 

Fig.  5.  Palatal  nspect  of  the  same  specimen,  showing  the  condyles.  (See  p.  239.) 

Fig.  6.  Quadrate  bone  from  the  skull  of  Dicynodon  Iconiceps  (Owen).  (See  p.  220.) 

PLATE  11. 

Dicynodon  microtrema. 

Fig.  1.  Occipital  aspect  of  the  skull  of  Dicynodon  microtrema.  (See  p.  228.) 

Fig.  2.  Anterior  aspect  of  the  same  specimen,  showing  portion  of  cerebral  cavity. 
(See  p.  228.) 


PLATE  12. 

Tropidostoma  Dunnii. 

Skull  of  a  new  Anomodont  genus  allied  to  Dicynodon,  comprising  the  brain  case,  with 
the  cervical  vertebrae. 

Fig.  1.  Anterior  aspect.  (Seep.  232.) 

Fig.  2.  Right  side,  with  ventral  aspect  of  cervical  vertebrae.  (See  p.  249.) 

Fig.  3.  Palate,  with  atlas  and  axis.  (See  p.  249.) 

Fig.  4.  Occipital  aspect  of  skull,  with  lateral  aspect  of  cervical  vertebrae.  (See  p.  249.) 

PLATE  13. 

Shidl  (^"Dicynodon  tigriceps  (Owen). 

Fig.  1.  Superior  aspect.  (See  p.  236.) 

Fig.  2.  Lateral  aspect.  (See  p.  237.) 

PLATE  14. 

Shull  (^Dicynodon  Copei. 

Fig.  1.  Anterior  aspect.  (See  p.  241.) 

Fig.  2.  Left  lateral  aspect.  (See  p.  241.) 

Fig.  3.  Palate,  with  lower  jaw.  (See  p.  241.) 

PLATE  15. 

Hyorhynchus  platyceps. 

fig.  ].  Ptight  side  of  skull  of  Hyorhynchus  platyceps.  (See  p.  242.) 

Fig.  2.  Palate  of  the  same  specimen.  (See  p.  242.) 
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Fig.  3.  Superior  aspect  of  the  same  specimen.  (See  [).  242.) 

Fig.  4.  Proximal  part  of  right  scapula.  (See  p.  255.) 

Figs.  5,  6.  Right  and  left  coracoids  of  a  small  Anoinodont.  (See  p.  257.) 
Fig.  7.  Dorsal  vertebra  associated  with  the  coracoids.  (See  p.  257.) 


PLATE  16. 

Titanosuchus  ferox,  dc. 

Fig.  1.  Dorsal  vertebrae  of  (?)  Piycliognathus.  (See  p.  251.) 

Fig,  2.  Section  of  dorsal  vertebrae,  showing  ossification  of  inter- vertebral  substance 
(See  p.  254.) 

Fig.  3.  Section  of  caudal  vertebrae,  showing  a  similar  change  of  tissue.  (See  p.  254.) 
Fig.  4.  Pubic  bone,  Titanosuchus  ferox.  (See  p.  258.) 


PLATE  17. 

Caudal  Vertebrce  of  Platypodosaurus  robustus. 

Fig.  1.  Lateral  aspect,  showing  zygapophyses,  transverse  processes,  and  chevron 
bones.  (See  p.  253.) 

Fig.  2.  Superior  aspect,  showing  neural  spines.  (See  p.  253.) 


PLATE  18. 

Part  of  the  Skeleton  of  Eurycarpus  Oweni. 

Fig.  1.  Mould  from  slab  showing  vertebrae,  ribs,  and  limbs  greatly  reduced  in  size. 
(See  p.  259.) 

Fig.  2.  Left  fore  limb  of  the  same  specimen.  (See  p.  259.) 

Fig.  3.  Fragment  of  femur  from  the  same  slab.  (See  p.  259.) 

PLATE  19. 

'  Right  Femur  (^  Titanosin-hus  ferox. 

Fig.  1.  Anterior  aspect.  (See  p.  261.) 

Fig.  2.  Posterior  aspect.  (See  p.  261.) 


PLATE  20. 

Humerus  (^Titanosuchus  ferox. 

Fig.  1.  Inferior  aspect.  (See  p.  263.) 

Fig.  2.  Inner  lateral  aspect.  (See  p.  263.) 
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PLATE  21. 

Fibula  (^’Titanosucluis  ferox. 

Fig.  1.  Lateral  aspect.  (See  p.  265.) 

Fig.  2.  Proximal  aspect.  (See  p.  265.) 

Fig.  3.  Inner  or  tibial  aspect.  (See  p.  265.) 

Fig.  4.  Distal  extremity.  (See  p.  265.) 

PLATE  22. 

Ulna. 

Fig.  1.  Ulna,  with  epiphyses  preserved.  (See  p.  265.) 

Fig.  2.  Proximal  aspect  of  the  same  bone.  (See  p.  265.) 

Fig.  3.  Distal  articular  end  of  the  same  bone.  (See  p.  265.) 

Fig.  4.  Proximal  end  of  another  ulna  which  has  lost  its  proximal  epiphysis. 
(See  p.  265.) 


PLATE  23. 

Ulna  which  has  lost  its  Epiphyses. 

Fig.  1.  Inner  aspect.  (See  p.  266.) 

Fig.  2.  Outer  aspect.  (See  p.  266.) 

Fig.  3.  Distal  extremity.  (See  p.  266.) 


PLATE  24, 

Bones  ty^Titanosuchus  and  Placodus. 

Fig.  1.  Phalange  of  an  external  digit,  Titanosuchus.  (See  p.  267.) 

Fig.  2.  Middle  phalange,  Titanosuchus.  (See  p.  267.) 

Fig.  3.  Vertebra  of  Titanosuchus  ferox. 

Fig.  4.  Neural  aspect  of  the  same  dorsal  vertebra. 

Fig.  5.  Posterior  aspect  of  skull  of  Placodus.  (See  p.  281.) 

Fig.  6.  Left  occipital  condyle  of  tbe  same  skull  seen  from  the  palatal  aspect,  (See 

■  p.  281.) 


PLATE  25. 

Tibia. 

Fig.  1.  Tibia.  (See  p.  269.) 

Fig.  2.  Proximal  end  of  the  same  bone.  (See  p.  269.) 

Fig.  3.  Distal  extremity  of  the  same  bone,  showing  the  outline  of  the  proximal  end 
extending  beyond  it,  (See  p.  269.) 
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[Plate  26.] 

Introduction. 

The  following  paper  forms  part  of  an  investigation  of  tire  relation  between  the 
variations  of  animals  and  the  conditions  under  which  they  live.  It  appears  to  me 
necessary  that  any  investigation  of  this  problem  should  be  begun  by  the  examination 
of  cases  in  which  difference  in  environment  is  known  to  exist,  and  that  variations 
should  then  be  sought  for  among  the  forms  of  life  subjected  to  these  conditions.  If 
by  this  examination  any  variations  can  be  shown  to  occur  regularly  with  the  change 
of  conditions,  or  in  any  way  in  proportion  to  their  intensity,  it  is  so  far  evidence  that 
there  is  a  relation  of  cause  and  effect  between  them. 

By  thus  first  approaching  the  question  from  the  point  of  view  of  the  conditions, 
many  difficulties  are  obviated  which  occur  in  any  attempt  which  begins  by  ascertaining 
the  variations  in  the  animal,  in  the  hope  of  afterwards  finding  an  environmental 
change  to  which  they  may  be  traced.  Such  attemjits  to  trace  back  variations  to 
some  eiivh’onmental  cause  have  often  been  made,  and  have,  in  general,  been  unsuc¬ 
cessful.  In  the  case  of  species  which  have  varied  in  isolated  situations  not  apparently 
differing  from  each  other,  the  failure  to  find  points  of  environmental  difference  has 
been  held  to  be  evidence  that  the  variations  in  question  did  not  arise  from  such  causes 
at  all.  This  appears  likely,  and  is  probably  true  of  the  variations  in  question  ;  but  it 
must  be  borne  in  mind  that  the  fact  that  no  palpable  difference  can  be  found  between 
the  conditions  in  the  several  localities  is  no  proof  that  they  do  not  exist.  While 
these  difierences  in  condition  are  usually  evasive  and  hard  to  detect,  it  is  best  to  begin 
to  investigate  their  relation  to  variations  in  animals  by  selecting  cases  in  which  the 
change  in  conditions  is  unequivocal,  and  proceed  from  this  starting  point  to  seek  for 
correlated  variation  in  the  forms  of  life  subjected  to  them. 

It  appears  that  a  particularly  favourable  opportunity  for  investigating  this  question 
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is  offered  by  the  fatina  of  isolated  lakes  of  various  composition  and  of  different  degrees 
of  salinity,  aad  the  following  observations  were  made  in  accordance  with  this  view. 
They  are  chiefly  interesting  owing  to  the  great  scarcity  of  any  systematic  observations 
of  the  relations  between  variation  and  the  condition  of  life  and  to  the  rare  occurrence 
of  opportunities  for  investigating  them. 

While  it  has  been  held  by  some  persons  that  the  conditions  of  life  are  without 
definite  effect  in  producing  variations  in  animals,  others,  on  the  contrary,  regard  their 
production  as  an  obvious  consequence.  The  result  of  my  investigations  is  to  show 
that  the  wliole  relation  between  variation  and  conditions  is  much  more  complicated 
than  it  wouldj^e  in  accordance  with  either  of  these  views  ;  and  that,  while  one  animal 
may  be  profoundly  and  uniformly  modified  in  every  case  by  a  certain  change  of 
conditions,  yet  these  same  changes  produce  no  palpable  effect  on  an  allied  animal  of  a 
different  sort.  For  example,  particulars  will  be  given  of  the  constant  modification  of 
Cardium  edule  consequent  upon  the  drying  up  of  the  lakes  in  which  they  were,  while 
Dreissena  iiolymorplia  and  Hydrohia  uIvcb  do  not  appear  to  have  been  affected.  It 
may  be  here  remarked  that  the  general  variability  of  a  form,  as  Dreissena  polymorpha, 
does  not  appear  to  predispose  it  to  assume  a  new  form  for  a  given  change  of  condition. 

In  view  of  the  fact  that  definite  variations  have  been  shown  to  be  produced  in 
Cardium  edule  by  change  in  the  composition  of  the  water,  it  next  becomes  desirable 
to  know  to  what  extent  these  changes  would  be  maintained  if  the  conditions  were 
altered  back  again  to  their  original  state.  Upon  this  point  I  have  no  evidence  ;  but 
that  the  animals  would,  if  they  lived  and  propagated,  ultimately  regain  their  former 
structure  appears  probable  ;  for,  since  it  can  be  shown  that  certain  variations  are 
constantly  produced  by  water  of  certain  constitution,  it  practically  follows  that  the 
maintenance  of  these  variations  depends  also  on  the  same  cause.  It  would,  however, 
be  of  the  greatest  interest  to  ascertain  the  length  of  time  and  the  number  of  genera¬ 
tions  necessary  to  effect  these  changes. 

The  specimens  forming  the  subject  of  this  paper  were  collected  in  the  district  of  the 
Aral  Sea  and  in  Egypt. 

In  1886  and  1887  I  made  a  journey  to  some  of  the  lakes  of  Western  Central  Asia, 
for  the  purpose  of  making  observations  on  their  fauna.  As  the  waters  of  these  lakes 
are  of  very  various  composition,  being  salt,  alkaline,  bitter,  or  fresh  in  differing  degrees, 
I  looked  forward  to  an  opportunity  of  investigating  the  question  whether  these  diverse 
environmental  conditions  produce  any  correlated  changes  in  the  structure  of  the 
animals  which  are  exposed  to  them.  The  collections  made  with  this  object  consist 
chiefly  of  Crustacea,  of  which  an  account  will  be  published  hereafter. 

In  the  course  of  the  journey  thus  undertaken,  I  visited  the  northern  shores 
of  the  Aral  Sea  and  the  sandy  region  called  lyara-IUun,  over  a  part  of  wdiich,  at  least, 
the  Aral  Sea  formerly  extended,  as  is  shown  by  the  quantities  of  shells  of  the 
Aral  Sea  Cockle  which  are  strewn  on  it.  The  area  from  which  the  Aral  Sea  has  thus 
receded  is  not  a  level  tract,  but  contains  three  considerable  depressions,  called 
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respectively  Shumish  Kul,  Jaksi  Klich,  and  Jamati  Klich.  When  tlie  level  of  the 
sea  was  changed  these  three  depressions  remained,  for  a  time,  as  isolated  lakes, 
each  containing  a  separate  sample  of  the  fauna  of  the  sea  living  in  it.  The  lakes 
gradually  dried  up,  becoming  salter  and  salter ;  and  it  is  the  object  of  the  present 
paper  to  investigate  the  changes  which  befell  the  animals  inhabiting  them  during  this 
process. 

General  Account  of  the  Desiccation  of  the  Aral  Sea. 

Before  entering-  into  a  detailed  account  of  these  lakes,  it  may  be  well  to  describe 
briefly  the  present  conditions  of  the  Aral  Sea  itself,  of  which  they  once  formed  a  part. 
As  is  well  known,  the  Aral  Sea  is  a  closed  basin,  receiving  the  waters  of  two  rivers 
only,  the  Syr  Darya  and  the  Amu  Darya.  In  this  respect,  it  resembles  the  Caspian 
Sea,  which  receives  the  Volga,  Ural,  and  Emba  rivers.  It  is  universally  supposed  that 
these  two  seas  were  united  at  a  comparatively  recent  period.  The  evidence  for  this 
belief  is  the  statement  that  banks  of  shells  of  species  now  living  in  the  Caspian  Sea 
are  found  on  the  land  lying  between  them.  As  the  level  of  the  Caspian  Sea  is  now  84 
feet  below  that  of  the  Black  Sea,  and  tiie  level  of  the  Aral  Sea  is  128  feet  above  that 
of  the  Black  Sea,  if  it  be  supposed  that  the  respective  levels  of  the  beds  of  these  two 
seas  were  formerly  the  same  as  they  are  now,  it  follows  that  the  Caspian  Sea  must,  at 
the  time  of  its  connection  with  the  Aral  Sea,  have  been  more  than  200  feet  deeper 
than  it  now  is.  On  the  other  hand,  the  change  in  the  levels  of  the  two  seas  may  have 
been  due  to  subsidence  of  the  bottom  of  the  one,  elevation  of  the  other,  or  both.  It  is 
further  supposed  by  many  that  the  conjoined  Aralo-Caspian  Sea  had  a  northward 
extension,  probably  on  the  east  of  the  Ural  range,  thus  connecting  with  the  Arctic 
Ocean.  One  reason  for  this  belief,  amongst  others,  is  the  presence  of  a  Seal  in  the 
Caspian  Sea  whose  affliiities  are  rather  with  Phoca  vitulina  of  the  Arctic  Ocean  than 
with  P.  foetida  of  the  Mediterranean.  It  has  also  been  supposed  that  this  Aralo- 
Caspian  Sea  had  an  eastward  extension  as  far  as  Lake  Balkhash.  The  reason  for  this 
view  is  not  easy  to  suggest,  as  none  of  the  typical  Aral  fauna  occur  in  Balkhash,  nor 
are  any  deposits  of  Aralian  shells  found  between  the  two  waters.  It  may  be  added 
that  Balkhash  is  bounded,  both  north  and  west,  by  very  considerable  hills,  the 
Koi  Djarlegan,’&c. 

Moreover,  apart  from  the  question  as  to  the  extent  of  the  hypothetical  Aralo- 
Caspian  Sea,  it  has  been  suggested  that  the  Aral  Sea,  at  all  events,  has  retired  in  recent 
times  from  some  considerable  area,  and  is  continuing  to  recede  thus.  This  statement, 
which  occurs  in  several  text-books,  would  appear  to  be  only  partially  supported  by  the 
facts  which  came  within  my  own  observations.  In  the  summer  and  autumn  of  1886, 
I  visited  the  whole  north  shore  of  the  Aral  Sea  lying  between  Gulf  Peroffsky  and 
the  mouth  of  the  Syr  Darya.  From  Togusken  to  Sary  Cheganak  the  shore  is  formed 
by  high  cliffs  comjiosed  of  horizontal  beds  of  Eocene  formation,  containing  fossils.  Of 
these  I  collected  some  130  species,  which  have  been  examined  by  Mr.  T.  Roberts,  of  St. 
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John’s  College,  and  Mr.  Keeping,  who  state  them  to  be  of  about  the  age  of  the  London 
Clay  and  of  the  Bracklesham  beds  of  England.  In  some  places  these  cliffs  rise  from 
the  water’s  edge,  and  in  others  recede  from  it,  opening  up  considerable  valleys  which 
slope  gradually  down  to  the  shore.  In  places  where  the  cliffs  do  not  abut  on  to  the 
water  there  is  generally  a  sandy  beach,  but  occasionally,  as  at  Kukturnak,  there  is  a 
steep  bank  of  large  shingle  and  pebbles.  The  shores  of  the  Sary  Cheganak  (Yellow 
Gulf),  which  forms  the  northern  limit  of  the  Aral  Sea,  are  low  lying  and  sandy.  These 
sands  extend  northward  and  eastward  for  about  150  miles,  constituting  the  Kara  Kum 
(Black  Sand).  The  southern  edge  of  the  Kara  Kum  is  thus  the  northern  shore  of  the 
Aral  Sea,  and  it  is  generally  assumed  that  it  was  covered  by  those  waters  at  a 
comparatively  recent  period. 

The  waters  of  the  Aral  Sea  oscillate  greatly  under  the  pressure  of  the  wind,  and 
this  effect  is  especially  seen  when  the  wind  is  from  the  south  for  some  days.  The 
wmter  is  then  driven  in  some  hundreds  of  feet  over  the  almost  horizontal  beach  of  the 
Sary  Cheganak. 

The  Mollusca  which  have  been  recorded  as  occurring  in  the  Aral  Sea  are  Cardium 
edide,  Adacna  vitrea,  Dreissena  jjolymorpha,  Neritina  Jiuviatilis,  Hydrohia  ulvw. 
In  addition  to  these  I  found  Hydrobia  spica  in  largo  quantities  (this  species  is 
already  knoAvn  from  the  Caspian  Sea)  and  also  Neritina  {1  n.  sp.). 

The  Cardium  occurs  in  great  numbers  on  all  parts  of  the  shore  which  I  visited,  and 
when  the  wind  falls  and  the  sea  retires  the  shore  is  left  covered  with  stranded  Cockles. 
The  highest  limit  to  which  the  hood  thus  induced  ever  reaches  is  in  this  way  more  or 
less  clearly  shown  by  the  fresh  shells  and  other -dehris  left  behind.  Above  the  level 
of  this  fresh  deposit  the  ground  is  always  strewn  with  old  shells,  indicating  the  area 
covered  in  past  times  by  the  water.  The  coast  of  the  south-west  shore  of  the 
peninsula  Kukturnak  is  covered  entmely  with  Cockle  shells,  extending  in  a  band 
nearly  a  mile  wide.  With  the  exception  of  those  points  in  wdiich  the  cliff  rises  from 
tlie  water’s  edge,  there  is  always  a  tract  of  shore  on  which  shells  are  found.  On  the 
hypothesis  that  the  Aral  Sea  formerly  had  a  much  greater  depth  than  at  present,  it 
would  be  expected  that  shells  would  be  thus  found  in  position  for  a  considerable 
height  above  the  present  level,  but  this  is  not  the  case.  On  the  contrary,  where  the 
shores  are  more  or  less  steep  the  shells  are  found  in  great  quantities  up  to  a  certain 
level,  about  15  feet  above  the  water,  and  above  this  level  they  are  never  found.  In 
places  where  the  land  slopes  very  gradually  to  the  water  level  the  horizontal  extent 
of  the  shelhcorered  tract  is  very  great,  being  as  much  as  15  miles  in  some  places; 
but  whenever  the  ground  rises  suddenly  so  as  to  reach  a  greater  height  than  about 
1 5  feet  above  the  Aral  Sea  level  no  more  shells  are  found.  The  fact  that  the  sheds 
cease  abruptly  at  a  definite  horizon  is  true  both  in  sandy  parts  of  the  coast  and  on  the 
clayey  tracts,  and  it  is  equally  true  of  those  deposits  of  shells  which  occur  in  the 
bottom  of  valleys  opening  to  the  sea  which  are  now  altogether  dry,  but  which  were 
formerly  filled  by  the  sea.  Some  of  these  deposits  of  shells  reach  inland  four  or  five 


APPARENTLY  CORRELATED  TO  THE  CONDITIONS  OE  LIFE. 


301 


miles  Meregen  Sai),  but  always  without  any  marked  rising  of  the  ground  ;  wliere 
any  elevation  occurs  the  level  at  which  the  shells  cease  is  always  definite  and  striking. 

The  absence  of  shells  above  a  definite  level  seems  to  suggest  that  the  sea  has  never 
in  recent  times  extended  over  parts  above  that  level.  There  is  nothing  to  suggest 
that  any  Aral  Sea  deposits,  higher  than  this  line  of  demarcation,  have  been  denuded. 
For,  had  denudation  been  the  cause  of  the  absence  of  Aral  shells  above  this  line,  it 
would  be  expected  that  the  shells  would  gradually  disappear  on  a  line  travelling  up 
from  the  sea,  and  that  they  would  disappear  at  different  levels  in  different  j)laces, 
which  is  not  the  case.  If,  therefore,  the  Aral  Sea  did  ever  extend  over  a  greater 
tract  of  country  than  that  which  would  be  covered  by  it  if  it  rose  about  1 5  feet 
above  its  present  level,  it  can  only  be  supposed  that  such  a  condition  occurred  in  the 
remote  past,  and  not  that  it  has  gradually  diminished  to  its  present  size  from  a  much 
greater  extent,  as  has  been  often  suggested.  Moreover,  if  the  Aral  Sea  had  recently 
retired  from  a  greatly  extended  area,  it  must  have  covered  the  Kara  Kum  entirely, 
extending  to  Lake  Tschalkar,  which  is  marked  on  the  Russian  maps  as  a  lake  about 
40  miles  long  and  25  miles  broad,  forming  the  termination  of  the  great  valleys  of  the 
Irghiz  and  Turgai  streams.  In  the  belief  that  such  a  connection  might  have  formerly 
existed  between  Lake  Tschalkar  and  the  Sea  of  Aral,  I  travelled  down  the  Irghiz 
river  as  far  as  the  lake.  I  found  it  to  be  a  vast  sheet  of  salt  mud,  which 
becomes  dry  in  summer  in  most  places.  The  joint  stream  of  the  Irghiz  and  Turgai 
never  reaches  the  main  part  of  the  lake,  becoming  lost  in  reedy  morasses  of  nearly 
fresh  water  at  the  western  end.  The  lake  was  so  dry  that  my  camels  crossed  the 
west  end  of  it  in  the  beginning  of  August.  Its  northern  shore  is  bounded  by  a 
range  of  hills  which  rise  about  600  to  800  feet  from  the  lake.  Their  southern  front, 
which  faces  towards  the  lake,  is  nearly  vertical,  and  is  cut  in  places  by  ravines.  These 
hills  are  composed  of  horizontal  beds  containing  Eocene  fossils,  similar  to  those  which 
were  found  in  the  hills  on  the  north-west  of  the  Aral  Sea.  Above  these  beds  was  a 
deposit  of  horizontally  stratified  sand  about  80  feet  thick. 

In  no  case,  eitlier  in  the  ravines,  or  among  the  hills,  or  on  the  shores  of  the  lake, 
or  in  the  dehi'is  thrown  up  at  the  mouths  of  the  wells,  were  any  shells  found  other 
than  those  of  the  fossiliferous  beds.  There  was  no  trace  of  the  previous  j)resence  ot 
the  Aral  Sea.  'The  ground  did  not  differ  in  any  way  from  considerable  low-lying 
tracts  near  the  Aral  Sea,  which  remain  covered  with  Cockles  ;  and,  had  the  sea  recently 
been  in  Lake  Tschalkar,  these  shells  could  not  have  failed  to  be  found  in  quantity. 
Also  in  the  Kara  Kum,  excepting  the  above-mentioned  low-lying  tracts,  the  ground  is 
without  Cockles,  but  on  descending  to  these  depressions  the  deposit  of  shells  is 
suddenly  reached.  This  is  true  in  the  case  of  the  north  end  of  the  depression, 
Jaksi  Klich,  which,  tiiough  1 5  miles  from  the  Aral  Sea,  was  formerly  joined  with  it 
by  a  channel,  and  equally  true  of  the  steepest  pai'ts  of  the  bank,  ns,  for  example, 
where  the  southern  slopes  of  Togusken  rise  almost  vertically  from  the  water’s  edge. 
I  have  also  every  reason  to  believe  that  those  parts  of  the  Kora  Kum  which  I  did  not 


302 


MR.  W.  BATESO^f  ON  SOME  VARIATIONS  OF  CARDIUM  EDULE 


visit  are  also  without  Aral  shells.  I  made  particular  and  independent  inquiry  from 
many  of  the  Kirghiz  who  live  in  various  parts  of  the  Kara  Kum,  showing  them 
Cockle  shells  {Aigulak),  and  asking  if  they  knew  any  localities  where  they  were  found. 
They  all  said  that  they  had  seen  them  at  Jaksi  Klich,  Jaman  Klich,  and  Shumish 
Kul,  which  are  in  the  depressed  regions,  but  they  had  never  seen  them  in  any  other 
locality.  I  made  special  inquiry  with  regard  to  Aids  Kul,  which  is  marked  on  the 
maps  as  a  considerable  depression  lying  to  the  east  of  the  Kara  Kum,  and  I  was  told 
by  several  persons,  independently,  that  no  such  shells  were  found  there.  For  these 
reasons,  it  seems  that,  though  the  Aral  Sea  has  retired  within  recent  times  from  such 
an  area  as  would  be  covered  by  it  if  its  level  were  about  15  feet  liigher  than  it  now  is, 
yet  it  cannot  be  shown  that  it  has  continuously  receded  from  an  area  much  larger 
than  this.  If  it  ever  exteiided  over  the  Kara  Kum  northwards  to  Tschalkar,  this 
must  have  been  in  the  remote  past,  and  its  disappearance  from  the  definite  shell- 
covered  area  must  have  been  a  comparatively  recent  event,  not  continuous  with  its 
disapjiearance  from  the  larger  and  vaguely  defined  region  which  it  is  supposed  to  have 
covered  in  later  Tertiary  times. 

Special  Account  of  the  Basins  Jaksi  Klich,  Jaman  Klich,  and  Shumish  Kul. 

The  region  where  the  greatest  exposure  has  taken  place  is  situated  to  the  north 
and  east  of  the  Sary  Cheganak.  Here  the  sandy  coast  slopes  very  gradually  to  the 
sea,  and  at  the  post-station  Alta  Kuduk,  for  example,  the  shell-covered  region  is 
about  3-4  miles  wide.  But  at  Ak  Jalpas  there  is  a  dry  channel  running  up  from  the 
bay,  which  divides  into  two  branches,  the  one  running  east  and  north,  and  the  other 
running  south.  The  latter  has  a  course  of  about  six  miles  ;  near  Ak  Jalpas  it  is 
about  half  a  mile  wide,  and  is  covered  with  mud,  which  is  impassable  after  rain. 
Further  south  the  channel  narrows,  and  in  some  of  the  deeper  holes  in  it  there  is 
always  a  little  very  salt  water.  This  channel  runs  in  a  depression  between  the  hills 
Ak  Jar  and  Bultuk,  and  then  opens  out  into  a  great  depression,  lying  east  and  west, 
for  a  distance  of  about  8  miles.  This  place  is  known  to  the  natives  as  Shumish  Kul. 
(It  is  marked  on  the  Russian  maps  as  “  Khan  Sultan.”  This  name  is  not  known  on 
the  spot,  though  the  mountain  at  the  east  end  of  the  lake  is  called  Khan  Turt.) 

The  appearance  of  this  lake  is  very  striking.  The  north  and  west  shores  are  formed 
by  bare  hills,  with  a  few  bushes  and  coarse  grass  at  their  base.  Thence  to  the  bottom 
of  the  lake  is  a  tract  of  undulating  sand,  bearing  scanty  vegetation.  Below  the  sand 
a  stretch  of  baked  mud  is  exposed,  surrounding  the  pan  of  salt  which  fills  the  lowest 
part  of  the  lake.  The  salt  lies  in  large  contorted  sheets,  overlaying  each  other  like 
frozen  waves  of  muddy  ice.  On  the  eastern  and  southern  shores,  which  shelve  away 
gradually  to  more  distant  hills,  are  great  flats  of  salt  mud  covered  with  Salicornia,  &c. 

The  biological  interest  of  this  place  lies  in  the  fact  that  upon  the  steep  western 
shore  are  marked  very  definite  terraces,  showing  the  position  of  the  water  at  different 
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periods  during  the  progress  of  the  gradual  drying  up  of  the  lake.  On  each  of  these 
terraces  Cockle  shells  are  found  in  great  quantities,  having  been  left  there  when  the 
water  was  at  the  level  of  the  terrace.  A  series  of  specimens,  therefore,  taken  from 
each  terrace  from  above  downwards,  gives  examples  of  the  shells  as  they  were  at  eacli 
stage  during  the  progressive  desiccation  of  the  lake.  On  several  of  the  terraces  tlie 
shells  are  paired  shells,  with  the  ligaments  more  or  less  preserved,  placed  upon  their 


oral  surfaces,  just  as  they  were  when  alive,  being  kept  in  position  by  a  crust  of  sand 
cemented  with  oxide  of  iron.  Unfortunately,  there  is  no  reliable  means  of  estimating 
the  time  which  elapsed  during  the  process  of  drying  up.  The  intervals  of  time,  how¬ 
ever,  between  the  formation  of  the  successive  terraces  were  sufficiently  long  to  enable 
the  shells  to  acquire  definite  characters,  especially  of  colour  and  texture,  which  made 
it  easy  to  distinguish  shells  of  any  one  terrace  from  those  of  the  one  above  or  below  it. 
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The  principal  terraces  are  seven  in  number,  but,  before  describing  in  detail  the 
condition  of  the  shells  on  them,  it  may  be  well  to  give  a  general  account  of  the 
changes  which  were  produced  in  correlation  to  the  diminished  size  of  the  lake.  The 
principal  changes  are  as  as  follows  : — 

(1.)  Diminution  in  the  Thickness  of  the  Shells,  which  is  first  apparent  in  the  shells 
of  the  third  terrace.  It  proceeds  to  such  an  extent  that  the  shells  of  the  lowest 
terrace  are  almost  horny  and  semi-transparent. 

(2.)  The  Size  of  the  Beak  is  Greatly  Reduced.- — In  the  shells  of  the  upper  terraces 
the  beak  encloses,  so  to  speak,  a  separate  chamber,  while  in  those  of  the  lower  terraces 
it  hardly  forms  a  projection  on  the  outside  of  the  shell. 

(3.)  The  Shells  become  Highly  Coloured. — This  change  and  (1)  occur  almost 
uniformly.  The  shells  of  each  terrace  are  very  nearly  alike  in  texture,  thickness,  and 
degree  of  coloration. 

(4.)  The  Grooves  between  the  Ribs  appear  on  the  Inside  of  the  Shell  cis  Ridges  luith 
Reciangidar  Faces. — This  change  first  affects  only  the  ribs  behind  the  8th  or  10th, 
but  on  the  lowest  terraces  all  the  ribs  are  so  affected. 

(5.)  On  the  lowest  terrace  the  .shells  diminish  greatly  in  absolute  size. 

(6.)  The  Length  of  the  Shells  in  propoihion  to  their  Breadth  Increases. — I  use  the 
term  “  length  ”  to  mean  the  greatest  antero-posterior  dimension,  and  the  term 
“breadth”  to  mean  the  dorso- ventral  measurement  at  right  angles  to  the  length, 
passing  in  right  valves  across  the  point  of  the  posterior  tooth,  and  in  left  valves  across 
the  depression  into  which  the  posterior  tooth  of  the  right  valve  fits. 

1.  II. 


B 

Diagrams  showing  the  directions  in  which  the  length  and  breadth  of  the  shells  are  measured  : — 

I.  A  shell  from  the  shore  of  the  Aral  Sea. 

II.  A  shell  from  Jaksi  Klich  (inner  deposit)  L,  L,  length;  B,  B,  breadth. 

It  must  be  remembered  that,  though  the  tooth  is  a  fixed  point  in  the  morphology  ox 
the  shell,  there  is  rxo  defined  point  on  the  ventral  margin  which  can  be  determined  in 
each  shell  for  comparison  with  other  shells.  Hence,  I  am  aware  that  the  points 
selected  for  these  measurements  are  arbitrary,  and  that  they  are  not  taken  in 
absolutely  homologous  places  in  evexy  shell.  Nevertheless,  they  are  very  nearly  so,  and 
on  the  whole  they  are  more  satisfactory  than  any  others.  The  object  of  these  measure¬ 
ments  is  to  obtain  an  arithmetical  conception  of  the  difference  in  the  proportion 
of  length  to  breadth  which  is  apparent  to  the  eye.  This  difference  in  appearance  is 
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almost  all  due  to  a  change  in  the  proportion  wljich  the  greatest  length  bears  to 
the  greatest  breadth  at  right  angles  to  it.  The  measurements,  owing  to  the 
irregularities  of  the  shell,  were  made  accurate  to  half  a  millimetre,  and  I  believe  that 
any  difference  due  to  variation  in  the  selection  of  the  exactly  comparable  morphological 
point  on  the  ventral  edge  of  the  shell  would  be  found  to  be  within  this  limit  of  error. 
1  am  also  aware  that  concholoo'ists  use  the  term  leimth  for  the  shorter  of  these 
two  measurements  ;  but,  as  this  appears  confusing  to  the  general  reader,  it  seems  better 
in  a  paper  of  more  general  biological  interest  to  use  the  terms  in  their  ordinary  sense. 
In  comparing  these  shells  of  the  upper  terraces  with  those  of  the  lower,  it  will 
be  found  that  the  greatest  length  is^xeater  in  proportion  to  the  greatest  width  than  it 
is  in  those  shells  wdiich  have  been  exposed  to  salter  water. 

I  have  made  tables  which  are  intended  to  show  this  change  in  the  proportions  of  the 
shells  in  a  tabular  form.  The  Tables  bring  out  three  points  : — ■ 

{a.)  That  the  change  in  proportions  does  not  occur  in  all  the  shells,  nor  to  an  equal 
degree  in  tliose  in  whicli  it  is  found.  Thereby  it  differs  from  the  changes  which  occur 
in  the  texture  and  colouring.  A  few  shells  may  be  found  in  any  terrace  at  Shumish 
Kul  which  do  not  differ  materially  in  shape  from  normal  shells.  In  the  case  of  Jaksi 
Klich,  however,  almost  all  the  shells  are  affected. 

(6.)  The  second  point  noticeable  in  the  occurrence  of  this  variation  is  that  it  is  far 
more  marked  in  shells  of  greater  absolute  size  (that  is,  presumably,  of  greater 
age)  than  in  smaller  and  younger  ones.  This  fact  is  brought  out  in  the  second  column 
of  the  Tables. 

(c.)  The  third  fact  which  appears  on  comparing  the  averages  is  that  the  lengthening 
of  the  shells  occurred  slightly  in  the  shells  of  the  second  terrace  ;  increasingly  in  those 
of  the  third  and  fourth  ;  reaching  a  point  in  the  fifth  terrace  which  is  practically  not 
afterwards  exceeded  in  shells  found  as  much  as  30  feet  lower,  though  the  changes  in 
texture,  &c.,  had  greatly  progressed  in  these  latter.  Evidence  will  be  given,  moreover, 
which  tends  to  show  that  this  lengthening  of  the  shells  is  more  probably  due  to  some 
other  consequence  of  the  diminished  size  of  the  lake  than  to  the  increase  in  saltness  ; 
for  example,  to  its  increasing  shallowness  and  consequent  high  average  temperature  in 
summer.  Examples  will  be  given  of  Cockles  from  lagoons  both  of  the  Aral  Sea  and 
in  Egypt,  which,  while  differing  entirely  from  those  of  these  salt  lakes  in  general 
appeau’ance,  are  yet  like  them  in  the  proportion  of  length  to  breadth.  The  whole 
question  will  be  fully  considered  after  the  specimens  have  been  described.  The  shells 
on  the  several  terraces  may  now  be  described  in  detail. 

First  Terrace. — The  shells  on  the  first  terrace  were,  no  doubt,  living  at  the  time 
when  the  Aral  Sea  was  connected  with  this  series  of  lakes  and,  perhaps,  also  for 
a  short  period  after  its  separation  from  them.  They  lie  at  the  foot  of  the  hills  coming 
down  to  the  lake,  and,  though  mostly  covered  with  earth,  it  was  possible  to  get  plenty 
of  them,  especially  among  the  debris  thrown  out  by  burrowing  animals.  Ther^  are,  for 
the  most  part,  smallish  shells,  being  chiefiy  19  mm.  to  24  mm.  in  length.  They  are 
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thick  shells,  pale  in  colour,  having  from  18  to  22  ribs,  the  region  behind  the  ilth  to 
14th  ribs  being  purplish  in  colour. 

No  paired  shells  were  found  at  this  level.  In  30  shells,  all  between  21  mm.  and 
16  mm.  in  length,  the  average  ratio  of  length  to  breadth  is  1  :  0799  ;  that  is  to  say, 
that  the  average  breadth  of  a  shell  20  mm.  long  would  be  15 '9 8  mm. 

The  Second  Terrace. — This  is  a  Hat  about  50  paces  across.  Upon  it  ai’e  two  well 
marked  ridges  of  shells,  the  lowest  of  which  is  about  10  feet  belov/  the  level  of  the 
first  terrace.  These  ridges  were  obviously  formed  by  the  casting-up  of  shells  on  the 
beach  during  gales,  as  may  be  seen  on  the  shore  of  the  Aral  Sea  in  many  places 
(Meregen  Sai,  &c.).  They  contain  no  paired  shells  with  ligaments,  such  as  are  found 
lower  down  in  places  where  the  bottom  of  the  lake  has  been  exposed  and  not  after¬ 
wards  disturbed. 

Shells  on  this  terrace  were  found  of  the  maximum  length  of  26  mm.  They  have 
from  18  to  21  ribs,  the  region  behind  the  11th  to  16th  being  purplish  in  colour.  In 
20  shells  taken  from  the  lower  of  the  two  ridges  of  shells  on  tliis  terrace  the  average 
ratio  of  length  to  breadth  is  1  :  0770  in  shells  between  26  mm.  and  20  mm.  in  length, 
and  1  :  0782  in  shells  between  21  mm.  and  16  mm.  in  length  ;  that  is  to  say,  that 
among  shells  similar  in  size  to  those  of  the  first  terrace  the  average  breadth  of  a  shell 
20  mm.  long  would  be  15 '64  mm.  The  shells  do  not  differ  materially  in  consistency 
from  those  of  the  first  terrace  [vide  Table  of  Comparative  Weights)  ;  they  are, 
however,  slightly  more  highly  coloured. 

The  Tldrd  Terrace  consists  of  a  strip  of  small  sand-hills  about  180  yards  wide. 
The  division  between  it  and  the  region  which  I  have  called  the  fourth  terrace  is  not 
sharply  defined,  but  is  indicated  by  a  ring  of  old  tamarisks.  Such  rings  of  tamarisks 
occur  round  many  of  the  salt  lakes  of  this  steppe,  and  always  show  that  the  water 
stood  at  a  definite  level  below  them  for  a  sufficiently  long  period  to  influence  the 
vegetation.  Some  of  the  lakes  in  the  Turgai  district  v^^ere  surrounded  by  several 
concentric  rings  of  tamarisks,  showing  several  distinct  periods  in  the  progressive 
drying  up  of  the  water.  This  ring  of  tamarisks  stands  at  a  level  about  20  feet  below 
that  of  the  ridge  of  shells  which  marked  the  lower  limit  of  the  second  terrace. 
Amongst  the  bases  of  these  sand-hills  are  many  Cockles  in  situ,  with  their  ligaments 
preserved,  indicating  that  this  part  of  the  shore  remains  as  it  was  when  it  formed  part 
of  the  bottom  of  the  lake.  The  shells  on  this  terrace  differ  from  those  of  the  second 
terrace,  being  thinner,  and  showing  that  appearance  of  grooving  on  the  inside  of  the 
shell  which  was  referred  to  above  (4).  In  shells  of  this  terrace  the  grooving  is  not 
much  marked  in  the  case  of  ribs  anterior  to  about  the  11th.  The  number  of  ribs  and 
distribution  of  colour  are  as  they  were  in  the  last  terrace. 

In  30  shells  between  22  mm.  and  1 8  mm.  lono'  the  average  ratio  of  leno-th  to 
breadth  was  1  :  0751  ;  that  is  to  say,  that  the  average  breadth  of  a  shell  20  mm. 
long  would  be  15 ’02  mm. 

'The  Fourth  'Terrace  is  like  the  last,  in  that  it  is  a  stretch  of  shelving  sand  about 
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100  yards  across,  falling  about  10  feet  in  level.  On  it  also  are  many  paired  shells  in 
situ.  These  shells  differ  considerably  from  those  of  the  third  terrace,  being  much 
thinner  and  more  highly  coloured  {vide  Table  of  Weights).  The  grooving  on  the 
inside  of  the  shells  is  generally  well  marked  in  all  behind  the  7th  rib. 

There  are  generally  only  about  17  to  19  well  maiked  ribs,  the  remainder  being 
slightly  indicated  on  the  purple  posterior  surface  of  the  shell.  Most  of  the  shell  i.s 
purple  behind  about  the  llth  rib,  and  the  whole  shell  is  suffused  with  pinkish-purple 
(see  Plate  26,  fig.  4). 

In  30  shells  whose  lengths  vary  between  26  mm.  and  18  mm.,  the  average  ratio  of 
length  to  breadth  is  1  ;  0'730,  and,  taking  30  shells  from  16  mm.  to  21  mm.  long,  this 
average  ratio  is  1  ;  0'735  ;  tliat  is  to  say,  that  the  average  breadth  of  a  shell  20  mm* 
long  would  be  14*7  mm.  The  beaks  are  reduced  in  size. 

The  Fifth  Terrace  is  a  similar  stretch  of  sand  ;  it  is  200  yai’ds  wide,  falling  nearly 
20  feet,  and  upon  it  are  very  many  paired  shells  placed  on  their  oral  faces,  like  the 
others.  These  shells  are  much  thinner  than  those  of  the  fourth  ,.errace.  They  have 
15  to  17  well  marked  ribs,  and  almost  the  whole  shell  is  purple  in  colour  in  some 
specunens,  but  in  others  the  first  3  ribs  remain  yellowish.  The  ribbing  on  the  inside 
of  the  shell  is  generally  apparent  behind  the  4th  or  5th  rib.  The  beaks  are  still 
further  reduced  in  size. 

In  30  shells  between  27 ‘5  mm.  and  21  mm.  in  length  the  average  ratio,  of  length  to 
breadth  is  1  :  0'731  ;  and  in  30  shells  between  21  mm.  and  16  mm.  long  this  average 
ratio  is  1  :  0’743  ;  that  is  to  say,  that  the  average  breadth  of  a  shell  20  mm.  long  is 
14'8  mm.,  not  materially  differing  from  those  of  the  last  terrace.  This  terrace  ends 
with  the  shelving  sand.  Below  it  are  mud  flats,  the  upper  part  of  which  is  covered 
with  heaps  of  muddy  sand,  cemented  together  with  salt,  forming  the  Sixth  Terrace. 
The  shells  upon  it,  however,  do  not  difter  materially  from  those  of  the  last,  except, 
perhaps,  in  being  rather  thinner. 

Below  it  is  the  lowest  level  at  which  shells  are  found  {Seventh  Terrace).  This  level 
is  8  to  10  feet  below  that  of  the  fifth  terrace,  and  distant  from  it  about  200  yards. 
Upon  this  lowest  level -are  several  (five)  concentric  ridges,  composed  of  shells  washed 
up  and  partially  cemented  together  with  oxide  of  iron.  The  shells  of  which  these 
ridges  are  made  are  like  those  of  the  fifth  and  sixth  terraces.  On  the  flat  mud 
between  these  ridges,  especially  between  the  fourth  and  fifth,  are  great  numbers  of 
small  paired  shells  placed  on  their  oral  faces.  These  shells  are  those  of  the  last 
Cockles  which  lived,  in  the  lake  before  it  was  dried  up.  At  this  time  the  water  must 
have  been  very  salt  indeed,  as  the  salt  bed  itself  is  about  5  to  6  feet  lower  and  300 
yards  distarit. 

The  shells  are  very  small.  The  largest  paired  shell  found  in  this  place  was  21  mm. 
long.  They  have  14  to  15  distinct  ribs,  are  very  thin,  and  of  an  almost  uniform  purple 
colour.  The  grooves  between  the  ribs  are  all  marked  on  the  inside  of  the  shell  as 
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ridges  with  flat  sides'.  The  beaks  project  very  little  from  the  general  curve  of  the 
shell. 

The  average  ratio  of  leno’th  to  breadth  in  30  shells  the  lengths  of  which  were 
between  IG  and  21  mm.  is  1 :  0'725  ;  that  is  to  say,  the  average  breadth  of  a  shell 
20  mm.  long  is  14‘50  mm.,  as  compared  with  15‘98  mm.  in  the  case  of  the  shells  of 
the  highest  level. 

Dreisseva  'polymorpha. — At  one  side  of  the  lake  on  the  level  of  the  third  terrace 
were  found  many  shells  of  this  form,  which  did  not  differ  from  those  of  the  Aral  Sea. 
The  same  is  true  of  Hydrohia  idvcB,  winch  was  found  in  fair  quantities  on  most  of  the 
terraces. 

Jaksi  Klich. 

This  is  the  largest,  superficially,  of  the  three  dry  lakes  containing  Cockles.  Ifs 
length  is  about  10  miles,  and  its  breadth  3  miles.  It  differs  from  Shumish  Kul 
in  being  comparatively  shallow.  While  the  former  must  have  been  nearly  60  feet 
deep  at  the  time  of  the  separation  from  the  Aral  Sea,  the  basin  of  Jaksi  Klich 
cannot  have  been  more  than  15  to  20  feet  deep.  There  is  not  in  it  a  distinct 
series  of  terraces,  as  at  Shumish  Kul,  but  the  shells  occur  in  two  chief  deposits, 
the  one  marking  the  original  high  level  of  the  water,  and  the  other  forming  a 
band  round  the  salt  which  now  Alls  the  bottom  of  the  lake.  Moreover,  owing  to 
the  fact  that  the  shells  of  the  outermost  deposit  are  almost  all  single  valves,  and  not 
paired  shells  in  situ,  as  at  Shumish  Kul,  a  good  deal  of  mixing  has  become  possible 
amongst  them,  which  was,  no  doubt,  facilitated  by  the  shallowness  of  the  lake  ;  as  the 
banks  ai-e  so  flat  that  at  the  time  when  the  lake  was  low  it  may  have  happened  that 
under  a  strong  wind  the  water  was  driven  upon  the  shore  even  as  high  as  its  original 
level.  Hence  it  results  that  the  upper  deposit  of  shells  at  Jaksi  Klich  is  more  mixed 
in  character  than  the  deposits  hitlierto  described.  I  wall  first  desci’ibe  the  condition 
of  the  shells  found  at  the  bottom  of  the  lake.  They  occur  there  in  enormous  numbers, 
being  for  the  most  part  washed  up  into  banks.  A  certain  number  of  paired  shells 
occurs  between  the  ridges.  Their  texture  is  uniformly  thin  and  papeiy,  and  they  are 
very  highly  coloured,  thus  resembling  the  shells  of  the  lower  terraces  of  Shumish  Kul, 
especially  those  of  the  sixth  terrace.  Their  length  is  very  great,  and  this  feature  is 
found  in  almost  every  individual  shell.  While  they  thus  resemble  in  many  respects 
the  shells  from  the  salter  levels  of  Shumish  Kul,  they  yet  have  several  features  peculiar 
to  themselves,  especially  the  enormously  greater  degree  to  wdrich  they  are  elongated ; 
also,  though  their  colour  resembles  the  Shumish  Kul  shells  in  being  much  brighter 
than  that  of  ordinary  Aral  Sea  Cockles,  it  has  a  character  of  its  own,  wdiich  wmuld 
make  it  impossible  to  mistake  a  shell  from  either  locality. 

As  will  be  seen  in  the  Tables,  the  average  ratio  of  lenofth  to  breadth  in  30  shells 
varying  in  length  betwmen  30  mm.  and  25‘5  mm.  is  1  ;  O’GGO  ;  and  in  30  shells 
varying  in  length  from  25 '5  mm.  to  19  mm.  is  1  :0‘G82.  It  wall  he  seen,  therefore, 
that  the  increased  proportional  length  is  greater  in  these  shells  than  in  any  others  that 
wmre  ol^tained. 
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The  size  of  tlie  beaks  is  reduced,  just  as  in  the  case  of  the  Sliumisb  Kul  shells. 
The  shells  of  the  outermost  deposit  at  Jaksi  Klich  are,  as  stated  above,  rather  mixed 
in  character.  I  found,  however,  one  locality  towards  the  southern  end  of  the  lake 
where  the  bank  was  comparatively  steep,  and  from  this  place  I  obtained  a  fairly 
uniform  sample.  These  shells  are  thin  as  compared  with  Cockles  of  the  Aral  Sea,  but 
thicker  than  those  of  the  lower  deposit  of  Jaksi  Klich.  From  the  latter  they  differ 
also  in  not  being'  highly  coloured  and  in  having  the  beaks  fairly  developed,  though 
diminished  relatively  to  those  of  normal  Aral  shells.  As  will  be  shown  hereafter,  they 
very  closely  resemble  those  shells  which  w^ere  found  on  the  shore  of  the  lagoon  Abu 
Kir,  in  Egypt  ;  the  length  of  these  shells  is  as  great  in  proportion  to  their  breadth  as 
it  is  in  those  of  the  fourth  or  fifth  terrace  at  Shumish  Kul.  The  average  ratio  of 
length  to  breadth  in  30  shells  varying  in  length  between  22  mm.  and  17  mm.  is 
1  :  0‘740  ;  that  is  to  say,  that  the  average  breadth  of  a  shell  20  mm.  long  is  14'8  mm. 

Many  examples  of  Ilydrobia  vivas  were  found  amongst  these  modified  shells,  but 
they  do  not  differ  from  those  of  the  Aral  Sea. 

In  attempting  to  realise  the  conditions  under  which  the  Cockles  lived  in  Jaksi  Klich 
before  the  separation  of  this  series  of  lakes  from  the  Aral  Sea,  the  fact  of  its  situation 
must  be  borne  in  mind.  It  was  a  large  lagoon,  ten  miles  long  and  three  miles  broad, 
very  shallow,  and  connected  with  the  main  body  of  the  Aral  Sea  only  by  a  narrow 
and  shallow  channel  at  Ak  Jalpas.  Hence  the  conditions  of  life  in  it,  in  a  climate 
which  undergoes  the  greatest  extremes  of  heat  and  cold,  must  have  been  always  very 
different  from  those  prevailing  in  Shumish  Kul,  which  had  a  considerable  depth,  and 
so  must  have  maintained  a  much  more  constant  temperature. 

Before,  therefore,  the  communication  between  the  lakes  and  the  Aral  Sea  was 
interrupted  it  is  clear  that  the  water  of  Jaksi  Klich  must  have  been  sometimes  very 
hot,  and,  from  the  consequent  evaporation,  it  was  probably  in  summer  much  salter  than 
the  nearest  parts  of  the  Aral  Sea.  In  view  then  of  the  obvious  correlation  between 
the  effects  of  the  diminution  in  size  of  Shumish  Kul  and  the  increase  in  the  propor¬ 
tional  length  and  thinness,  &c.,  of  the  shells  found  there,  it  appears  reasonable  to 
ascribe  these  appearances  in  the  shells  of  the  outer  deposit  at  Jaksi  Klich  to  similar 
causes,  and  these  must  of  necessity  have  existed,  consequent  upon  the  peculiar 
situation  and  shallowness  of  the  basin. 

All  these  aj^pearances,  as  has  been  shown,  became  greatly  intensified  in  those  shells 
which  lived  in  it  during  the  period  after  the  separation  from  the  Aral  Sea. 

Besides  the  shells  in  these  two  deposits,  there  were  found  at  Jaksi  Klich  a  few 
shells  of  an  entirely  different  character.  These  were  very  large  and  very  thick  shells, 
generally  occurring  in  pairs,  more  or  less  buried  in  the  sand,  though  without  ligaments. 
The  length  of  these  shells  was  about  30  to  35  mm.  ;  they  almost  all  show  the  feature  of 
great  proportional  length  and  large  beaks,  and  were  always  found  in  groups  of  ten  or 
twelve,  lying  between  the  outer  and  inner  deposits.  These  shells  are  all  much  worn. 
I  shall  allude  to  these  shells  as  “  great  shells.”  Similar  shells  will  be  shown  to  have 
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occurred  at  Jaman  Klich,  on  the  sand  flats  between  Jaman  Klich  and  Shumish  Kul, 
in  a  small  dry  lagoon  lately  separated  from  the  Aral  Sea,  and  in  the  old  deposits  at 
Abu  Kir  (Mandara,  Plate  26,  flg.  12).  Taken  in  connection  with  these  cases  of  the 
occurrence  of  such  shells,  I  think  that  there  can  be  little  doubt  that  shells  of  this 
type  are  connected  with  life  in  shallow  lagoons  opening  out  from  a  sea.  All  the  five 
localities  in  which  they  were  found  were  of  this  kind,  and  none  were  ever  found  by  me 
anywhere  else.  On  the  sliores  of  the  Aral  Sea  and  at  Shumish  Kul  none  occurred. 


Jaman  Klich. 

This  is  the  smallest  of  the  three  dry  lakes.  It  was  little  more  than  a  large  pool 
formed  by  a  widening  and  deepening  of  the  channel  wdiich  connected  Jaksi  Klich  with 
the  Aral  Sea.  At  the  time  when  it  was  full  of  water  its  diameter  was  about 
half  a  mile,  and  its  depth  15  to  20  feet.  The  bottom  of  the  lake  is  covered  by  a  sheet 
of  salt  about  300  yards  across.  The  shells  upon  the  upper  part  of  its  shore  do  not 
differ  materially  from  those  of  the  Aral  Sea,  being  thick  shells  with  large  beaks  and 
little  colour.  Their  proportional  length  is  rather  greater  than  that  of  the  Aral  Sea 
shells.  There  is  little  or  no  ribbing  on  their  inner  surfaces. 

The  shells  at  the  bottom  of  Jaman  Klich  are  thin,  highly-coloured  shells,  with 
much  ribbing  on  the  inside  and  beaks  greatly  reduced  in  size.  They  are  greatly 
elongated,  though  less  so  than  the  shells  of  Jaksi  Klich.  The  average  ratio  of  length 
to  breadth  in  30  shells  varying  in  length  between  24  mm.  and  16  mm.  is  1  :0’726. 
being  pi’actically  the  same  average  ratio  as  that  in  the  shells  at  the  bottom  of 
Shumish  Kul. 

Amonst  these  shells  were  great  quantities  of  Dreissena  pohjmorpha,  which,  though, 
as  always,  veiy  variable  in  shape,  did  not  differ  in  any  uniform  manner  from  those  of 
the  Aral  Sea. 

At  the  bottom  of  Jaman  Klich  is  a  considerable  number  of  “  gneat  shells.”  They 
are  like  those  of  Jaksi  Klich  and  are  much  worn. 

On  the  flat  between  these  two  lakes  and  Shumish  Kul  are  many  shells  strewn. 
They  are,  in  all  respects,  like  those  of  the  upper  deposits  at  Jaman  Klich,  and  in  no 
wH.v  remarkable.  There  are  amongst  them  a  few  great  shells,”  but  no  thin  or  highly 
coloured  ones,  which  occur  only  in  the  three  lake  heels. 


Cockles  of  the  Aral  Sea. 

In  the  Aral  Sea  itself,  the  Cockles  are  of  very  uniform  character.  They  are  fairly 
thick  shells  (see  Table  of  Weights).  The  anteiior  10  to  11  ribs  are  generally  white, 
and  the  remainino’  6  or  8  bluish  or  brown. 

o 

There  are  no  “  great  shells  ”  among  them,  nor  any  thin  and  liighly  coloured  ones. 
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The  average  ratio  of  length  to  breadth  in  30  shells  of  the  Aral  Sea  varying  in  length 
between  22  and  18 '5  mm.  is  1  :0'7G1. 

The  beaks  in  every  case  are  large  and  well  developed. 

On  the  west  shore  of  the  Sary  Cheganak,  near  Alta  Kuduk,  is  a  small  dry  lagoon, 
which  had  once  communicated  with  the  Aral  Sea.  It  was  about  half  a  mile  wide 
and  had  been  about  2  to  3  feet  deep.  In  it  were  many  Cockle  shells ;  nearly  all  of 
these  were  “  great  shells,”  the  remainder  being  shells  of  the  ordinary  Aral  type. 

This  completes  the  description  of  the  Cockles  of  the  district  of  the  Aral  Sea.  It 
has  been  shown  that  in  each  locality  a  particular  type  prevails,  w'hich  varies  hardly  at 
all  as  regards  texture  and  colour,  and  that,  though  the  individuals  of  each  type  vary 
considerably  in  shape,  yet  that  there  is  a  distinct  preponderance  of  long  shells  among 
those  wdrich  have  been  exposed  to  the  conditions  incidental  to  the  drying  up  of  the 
lakes  in  which  they  were  living ;  and  that,  in  the  case  of  each  of  three  lakes,  the 
changes  undergone  by  the  shells  have  been  similai',  though  difierent  in  degree. 

I  will  now  describe  the  shells  found  in  the  lagoons  near  Alexandria,  and  then 
compare  them  with  those  of  the  Aral  Sea  district. 

The  Cockles  of  Lake  Mareotis  and  Lake  Ahu  Kir. 

At  the  present  time  (1888)'“  Lake  Abu  Kir  is  a  shallow  salt  lake,  having  an  area  of 
about  20  square  miles  and  a  depth  of  about  1  to  2  feet  at  most.  In  April,  1888,  its 
specific  gravity  was  I’Oo.  No  living  shells  were  found  in  it  but  its  shores  were 
covered  with  great  quantities  of  uniformly  small,  thin,  highly  coloured  shells  (see 
Plate  26,  fig.  10).  These  shells  are  elongated  in  the  same  way  as  those  of  Jaman 
Klich,  which  they  closely  resemble. 

The  average  ratio  of  length  to  breadth  in  30  of  these  shells  varying  in  length 
from  24  mm.  to  19’5  mm.  is  1  :  0‘738.  (For  average  weight  see  Table  of  Weights). 

These  shells  are  plainly  those  of  the  Cockles  which  last  lived  in  the  lagoon  of  Abu 
Kir,  and  it  may  be  supposed  that  they  lived  in  it  under  conditions  not  very  different 
from  those  now  prevailing.  It  is  difficult  to  assign  with  certainty  any  cause  for  their 
extinction,  but  this  may  perhaps  have  been  due  to  an  unusually  dry  season  following 
on  a  low  Nile. 

The  lagoons  of  Abu  Kir  and  of  Mareotis  are  separated  from  the  sea  by  a  narrow 
bank,  partly  of  limestone  and  partly  of  sand  ;  and  from  the  presence  of  marine  shells 
in  the  lagoons  it  is  clear  that  they  formerly  communicated  wdth  the  sea.  The  Cockles, 
therefore,  of  these  lagoons  are  the  descendants  of  those  of  the  Mediterranean. 

There  is  some  reason  for  supposing  that  they  passed  through  another  condition 
between  that  of  the  Mediterranean  type  and  that  found  on  the  shores  at  Abu  Kir ; 
for  at  Mandara  and  at  other  points  on  the  shore  of  the  Lake  Abu  Kir,  where 
cuttings  have  been  made,  deposits  of  great  quantities  of  shells  almost  invariably  occur 
at  a  varying  depth  below  the  surface. 

*  Abu  Kir  was  pumped  out  in  May,  1888. 
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These  sliells  are  nearly  all  of  the  very  large  and  thick  type  spoken  of  above  {vide 
p.  309)  as  “  great  shells.”  From  the  great  abundance  of  shells  of  this  type  in  the 
deposits  below  the  present  bed  of  Abu  Kir,  it  seems  clear  that  they  were  numerous  in 
the  locality  for  a  long  period.  As  they  are  entirely  absent  among  the  shells  now 
lying  on  the  shores  of  the  lake  (namely,  those  which  were  the  last  inhabitants),  I 
would  suggest  that  these  “  great  shells  ”  perhaps  lived  there  in  the  period  when  the 
sea  communicated  with  the  lake.  This  becomes  still  more  probable  in  connection  with 
the  fact  of  the  occurrence  of  similar  shells  at  Jaksi  Klich,  Jaman  Klich,  and  on  the 
flats  between  them  a.nd  Shumish  Kul,  for  at  the  time  when  these  localities  were 
under  water  and  connected  with  the  Aral  Sea  the  conditions  in  them  could  not  have 
been  very  different  from  those  prevailing  in  the  lagoon  of  Abu  Kir  when  it  was  open 
to  the  Mediterranean.  The  shells,  then,  of  Abu  Kir  are  of  two  kinds  : — 

(1.)  Shells  of  animals  lately  extinct,  which  lived  in  a  lagoon  of  water  having  a 
specific  gravity  of  about  I'O.a  ;  these  shells  show  the  same  variations  from  the 
“  normal  ”  type  as  those  of  the  Aral  district  living  under  similar  circumstances. 

(2.)  “  Great  shells  ”  occurring  in  a  more  or  less  definite  bed  below  the  level  of  the 
present  lagoon,  the  origin  of  which  is  uncertain,  but  which  were  probably  living  when 
the  lagoon  was  open  to  the  sea. 


Mareotis  and  the  Fresh-ivater  Lakes  at  Ramleh. 

The  Lake  Mareotis  is  now  divided  by  an  embankment  into  an  eastern  and  western 
part,  which  differ  from  each  other  entirely. 

The  western  lake  is  full  of  red  brine-water,  and  beneath  the  water  is  a  permanent 
crust  of  salt. 

I  did  not  succeed  in  finding  any  shells  on  the  shore  of  this  portion,  though,  no 
doubt.  Cockles  lived  in  it  before  the  changes  were  made  which  have  led  to  its  present 
condition. 

The  eastern  lake  contained  about  1  to  3  feet  of  water  in  most  places  in  April,  1888. 
A  very  small  stream  of  sea  water  runs  into  it  near  Meks.  A  t  the  time  of  my  visit  its 
density  was  about  that  of  the  Mediterranean,  but  it,  no  doubt,  varies  greatly  with 
the  time  of  year  and  the  state  of  the  Nile.  The  lake,  which  lies  8  feet  below  the 
surface  of  the  Mediterranean,  is  stated  to  have  been  nearly  dry  at  the  end  of  the  last 
century,  but  in  the  course  of  military  operations  in  1801  it  was  again  opened  to  the 
sea  by  the  English.  Possibly,  then,  the  shells  now  found  on  its  shore  are  the  descen¬ 
dants  of  those  then  admitted  from  the  Mediterranean.  Another  opening  was  lately 
made  from  the  sea,  but  has  been  nearly  closed,  the  small  stream  of  water  from  the 
sea  mentioned  above  being  due  to  this  opening. 

At  high  Nile  tlie  level  of  the  lake  rises,  owing  to  the  infiltration  of  fresh  water,  and 
probably  it  is  brackish  at  tins  seasoii.  From  tliese  considerations  and  fi'om  the  many 
vicissitudes  that  the  lake  has  undergone,  it  is  clear  that  nothing  can  be  stated  with 
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certainty  as  to  tlie  conditions  wliicL  have  prevailed  in  it  for  any  length  of  time,  heyond 
the  fact  tliat  it  has  always  been  a  large  sliallow  lagoon,  and  tl)at  a  large  fpiantity  of 
fresh  water  from  the  Nile  has  been  ponred  into  it  every  year. 

I  did  not  find  any  live  Cochles  in  it,  and  am  disposed  to  believe  that  they  are  extinct 
in  it,  having  probably  died  iji  consec^nence  of  some  of  the  sndden  changes  which  have 
befallen  the  lake. 

The  shells  found  on  the  Ijanks  of  Mareotis  are,  like  those  of  Abu  Kir,  of  two 
kinds  : — 


Rough  map  of  Lake  Mareotis,  together  with  Abu  Kir  and  the  three  Ramleh  lakes. 


(1.)  Old  shells,  for  the  most  part  very  large  and  not  greatly  differing  from  the 
“  great  shells  ”  of  Abn  Kir.  These  occur  especially  on  the  cliffs  near  the  road  running 
Iteside  the  lake  on  its  south-west  shore.  The  shells  here  occur  at  a  level  several  feet 
above  that  of  the  lake.  These  shells  are  much  worn,  and  may  be  regarded  as  being  in 
a  semi-fossil  state.  They  are  possibly  shells  Avhich  lived  in  the  lagoon  when  it  was 
open  to  the  sea. 

(2.)  Shells  found  in  great  nnrabers  on  the  shores  of  the  lagoon.  These  are  nearly 
all  paired  valves  with  their  ligaments.  They  are  all  of  a  most  definite  type  [mde 
MDCCCLXXXIX.  —  B.  2  S 
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Plate  26,  tig.  1 1 )  being  moderately  thin  shells,  having  generally  the  anterior  6  to  10  ribs 
yellowish-white  in  colour,  and  the  posterior  7  to  12  bluish  or  chocolate  coloured;  the 
inside  of  the  shells  is  much  ribbed  ;  the  posterior  part  is  generally  chocolate  colour,  and 
sometimes  the  whole  interior  of  the  shell  is  so  coloured.  Many  of  the  shells  have  bands 
of  dark  colour  running  transversely  to  the  ribs.  The  shells  are  nearly  all  elongated. 
The  average  ratio  of  length  to  breadth  in  30  shells  varying  in  length  between  27  mm. 
and  20  mm.  is  1  :  0’680  ;  as  in  other  samples,  the  elongation  is  more  marked  in  large 
shells  than  in  small  ones. 

The  beaks  are  rather  variable,  but  in  most  shells  they  are  low. 

The  peculiarities  in  colour  of  these  shells  are  so  definite  that  they  could  not  possibly 
be  mistaken  for  the  shells  of  Cockles  from  any  other  locality. 

Amongst  these  modern  shells  are  a  few  of  the  old  serai-fossil  shells  mentioned 
above,  which,  however,  are  so  different  from  them,  being  bleached  and  worn,  that 
they  may  be  at  once  distinguished. 

Eamleh  Lake  No.  1. 

By  the  formation  of  the  Mahmudiyeh  Canal,  which  was  begun  in  1819,  a  small 
piece  of  water  w^as  separated  from  the  great  Lake  Mareotis,  in  the  neighbourhood  of 
Sidi  Caber  station. 

This  lake  is  about  a  mile  in  greatest  diameter,  and  its  wnter  is  at  the  present  time 
fresh,  receiving  much  waste  water  from  the  irrigations,  and  is,  perha})S  10  to  12  feet 
deep  in  the  middle,  though  shallow  at  the  sides.  The  bottom  at  the  sides  is  sand, 
and  in  the  middle  is  mud.  Great  quantities  of  Cockle  shells  lie  on  the  bottom  of  the 
lake,  but  I  found  no  live  animals,  and  believe  that  they  are  extinct.  These  shells  have 
a  definite  character,  being  thick  and  coarse  in  texture,  with  14  to  16  anterior  ribs, 
white,  and  from  3  to  5  posterior  ribs,  chocolate  colour.  The  region  of  the  anterior 
ribs  (6  to  10)  is  generally  not  ribbed  on  tbe  inside  of  the  shell.  The  insides  of  the  shells 
have  a  peculiar  wdiite  colour.  The  shells  are  very  long  in  proportion  to  them  breadth, 
and  most  of  them  have  one  or  more  deeply  marked  lines  of  growth.  The  beaks  are 
high  and  large.  Amongst  the  smaller  shells  found  here  are  some  few  which  are 
extraordinarily  thick. 

RamleJt  Lakes  Nos.  2  and  3. 

By  the  construction  of  the  railway  from  Alexandria  to  Cairo,  1855,  a  second  part  of 
Mareotis  has  been  cut  off  by  an  embankment,  and  the  lake  thus  formed  was  again 
divided  into  two  by  the  embankment  recently  made  to  connect  the  Cairo  railway  with 
the  Ramleh  line.  In  this  way  two  lakes  liave  been  formed,  an  eastern  (No.  2)  and  a 
western  (No.  3).  Both  of  these  are  fresh,  receiving  the  water  from  irrigations.  In 
the  western  lake  I  found  no  Cockles  af-  all,  either  dead  or  living,  though  the  water  is 
crowded  with  Prawns  {Palcemon,  sp.  ?). 
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In  the  eastern  lake  (No.  2)  were  great  numbers  of  living  Cockles.  In  texture 
these  shells  resemble  those  of  Ptamleh  Lake  No.  1,  though  the  tendency  to  ribbing 
on  the  inside  was  not  so  much  marked,  being  generally  slightly  present  behind  the 
10th  to  12th  rib.  The  colour  of  the  outside  of  the  shells  is  yellowish-white  almost  all 
over,  but  on  the  inside  the  region  of  the  posterior  3  to  6  ribs  is  chocolate  colour,  but  the 
rest  of  the  inside  of  the  shells  has  the  same  brig-ht  white  colour  as  in  Ramleh  Lake 
No.  1.  The  proportion  of  length  to  breadth  is  very  great  in  these  shells.  In  30 
shells  varying  in  length  between  29  mm.  and  16'5  mm.  the  average  ratio  of  length 
to  breadth  is  1  :  0‘657,  and  in  30  shells  varying  in  length  between  21  mm.  and  17  mm. 
this  average  ratio  is  1  :  0'66.5.  It  is  a  remarkable  fact  that  in  the  case  of  these  shells 
the  increased  proportional  length  is  almost  as  much  marked  among  the  small  shells  as 
it  is  amongst  the  large  ones,  and,  as  may  be  seen  in  Table  VI.  (a),  this  feature  is 
present  fairly  uniformly  in  nearly  all  the  individuals. 

Another  character  of  these  fresh-water  shells  is  the  frequent  occurrence  of  specimens 
with  the  free  ventral  margins  of  the  shell  bent  inwards,  as  shown  in  Plate  26,  fig.  13. 

Recapitulation  [Mctreotis  and  Ramleh  Lakes). 

The  shells  found  in  the  Mareotis  and  Ramleh  district  were  of  four  kinds  ;  (l) 
ancient  shells,  like  the  ancient  shells  of  Abu  Kir ;  (2)  shells  lately  extinct  (?)  in 
Mareotis  itself.  Though  the  conditions  under  which  these  animals  lived  cannot  be 
positively  stated,  it  is  nevertheless  clear  that  they  lived  in  shallow  water,  and 
that_  this  water  received  in  winter  a  great  volume  of  fresh  water  from  the  Nile, 
being  then  probably  brackish,  while  it  is  likely  that  in  summer  it  was  rather  salter 
than  the  sea. 

The  shells  having  lived  under  these  conjectural  conditions  have  definite  characters, 
being  long,  thin,  highly  coloured  shells. 

From  them  are  descended  independently  (3)  the  Cockles  of  Ramleh  Lake  No.  1, 
and  also  (4)  the  Cockles  of  Ptamleh  Lake  No.  2.  Both  (3)  and  (4)  have  been  living- 
in  more  or  less  completely  fresh  water  for  some  time,  and,  on  comparing  them  with 

(2) ,  they  will  he  found  to  differ  from  them  similarly,  and  to  resemble  each  other  in 
most  respects.  They  are  both  fairly  thick  and  coarse,  and  the  high  colour  of  the 
Mareotis  shells  is  much  reduced  in  (3),  and  still  more  so  in  (4). 

The  feature  of  great  proportional  length  remains  in  both. 

As  was  found  in  the  case  of  the  various  samples  of  Aral  shells,  the  samples  of  each 
locality  are  distinct  and  easily  recognisable,  but,  excepting  a  slight  difference  iu  colour, 

(3)  and  (4)  are  very  nearly  alike.  A  few  specimens  among  (2)  resemble  in  colour 
those  of  (3),  but  they  are  quite  different  in  texture. 


s  2 
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Conclusion. 

The  importance  of  these  observations  lies  in  the  fact  that,  by  examining  and  com¬ 
paring  the  shells,  an  opportunity  is  given  of  observing  the  origin  of  a  set  of  structural 
variations  in  correlation  to,  and  perhaps  in  consequence  of,  environmental  changes 
which  are  to  some  extent  ascertained.  The  first  point  which  is  to  be  noticed  is  that 
the  shells  of  each  sample,  Avhether  it  be  from  a  separate  lake  or  only  from  a  particular 
terrace,  are  more  like  to  each  other  than  to  the  shells  of  one  of  the  other  lakes,  or  to 
those  of  another  terrace  in  the  same  lake  as  at  Sbumish  Kul,  Avhere  the  shells  of  each 
terrace  have  a  distinct  appearance  and  character  of  their  own,  and  may  easily  be 
known  from  the  shells  of  higher  or  lower  terraces. 

o 

The  next  feature  of  importance  is  the  fact  that,  in  the  four  independent  cases — 
Sluunish  Kul,  Jaksi  Klich,  Jainan  Klich,  and  the  Egyptian  lagoon  Abu  Kir'" — the 
shells  which  have  lived  under  similar  conditions,  i.e.,  in  very  salt  Avater,  have  become 
like  each  other,  having  the  characters  of  thinness,  high  colour,  small  beaks,  ribbing  on 
the  inside,  and  great  relative  length.  In  Anew  of  these  four  instances  of  similar 
variations  occurring  under  similar  conditions,  it  seems  almost  certain  that  these 
conditions  are  in  some  Avay  the  cause  of  the  variations.  Similarly,  in  the  case  of  the 
two  groups  of  Cockles  from  Mareotis  which  have  been  isolated  and  exposed  to  fresh 
water  in  separate  lakes,  the  result  has  been  to  produce  a  form  of  shell  in  both  cases 
Avhich  is  practically  the  same.  Cases  of  this  kind,  in  Avhich  it  is  possible  to  observe 
the  appearance  and  progress  of  a  variation  through  successive  generations  in  the  same 
place,  are  so  rare  that  it  has  seemed  worth  while  to  describe  these  shells  in  detail. 
The  mode  of  occurrence  of  the  shells  in  terraces  at  Shuniish  Kul  provides  an  almost 
unique  opportunity  for  beholding  the  gradual  succession  of  these  changes.  If,  then, 
it  is  admitted  that  the  structural  changes  in  the  shells  are  to  be  regarded  as  the 
consequence  of  the  environmental  changes  in  the  water  of  the  lake,  the  question 
arises  to  Avhat  extent  these  structural  changes  follow  directly  on  the  changed  circum¬ 
stances,  and  how  far  they  may  not  be  due  to  the  natural  selection  of  a  different  type 
as  the  fittest  to  live  in  the  altered  state. 

Now,  while  the  cases  given  above  do  not  give  a  definite  answer  to  this  question, 
they  nevertheless  contribute  something  towards  it.  The  chief  qualities  which  appear 
in  the  shells  Avhich  have  been  exposed  to  the  increased  saltness  are  comparative  thin¬ 
ness,  high  colour,  and  increased  length,  together  Avith  diminished  beaks.  If,  then,  it 
is  supposed  tliat  shells  having  these  qualities  Avere  being  gradually  chosen  by  natural 
selection  as  the  fittest  for  the  new  conditions,  it  would  be  expected  that  in  each 

*  Amongst  the  shells  in  the  Cambridge  University  Museum  collected  by  MacAndrew  are  a  few 
Cockles  from  a  lagoon  at  Tunis,  which  show  the  same  features.  Though,  in  the  absence  of  fui’ther 
information  as  to  the  locality  from  which  they  were  brought,  nothing  can  be  positively  stated,  yet  it  is 
likely  that  they  afford  another  instance  of  a  similar  variation  occurring  under  .similar  conditions. 
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terrace  these  several  attributes  would  be  found  in  varying  degree  among  the  individual 
shells — that  some  would  be  thick  and  some  thin,  some  long  and  some  short,  &c.  ;  on 
the  other  hand,  if  the  new  qualities  were  the  result  of  the  new  conditions,  then  it 
would  be  anticipated  that  the  shells  of  each  terrace  would  be  all  nearly  similar  in 
texture  and  shape.  The  more  uniformly  any  of  the  new  variations  are  found  among 
the  individuals,  the  more  probable  is  it  that  they  are  due  to  the  direct  action  of 
environmental  change  rather  than  to  natural  selection  ;  but  a  new  quality,  wliich  is 
found  in  the  several  individuals  to  a  greatly  varying  degree,  cannot  be  held  to  be 
shown  to  be  the  direct  result  of  the  conditions,  even  though  it  be  found  to  be 
increasingly  more  marked  on  the  average  in  successive  generations  as  the  conditions 
to  which  it  is  supposed  to  be  due  become  more  intense.  Now  the  variations  formed 
among  these  shells  are  of  two  kinds.  The  variation  in  proportional  length,  though 
becoming  more  and  more  marked  in  the  shells  which  have  been  exposed  to  salter 
water,  is  not  found  in  all  the  individuals  {vide  Tables)  ;  on  the  other  hand,  the 
variations  in  the  quality,  texture,  and  colour  of  the  shell  are  found  developed  to 
nearly  the  same  degree  among  all  the  individuals  of  successive  terraces.  Hence  it 
may  be  fairly  supposed,  in  the  case  of  these  latte]’  variations,  that  they  are  really  due 
to  direct  environmental  change.  The  same  also  is  true  of  the  shells  from  the  fresh¬ 
water  localities,  the  texture  and  colour  of  which  are  practically  uniform,  while  a  good 
deal  of  variation  is  found  in  the  shape,  though  the  general  prevalence  of  the  long  type 
is  clear.  In  view  of  the  manifest  connection  between  variation  in  the  texture,  &c.,  of 
the  shells  and  the  conditions  in  the  lake,  it  would  be  interesting  to  know  more  clearly 
the  mode  of  action  of  these  conditions  in  producing  those  effects,  but  as  to  this  it  is 
difficult  to  make  a  conjecture.  No  doubt  they  are  the  result  of  changes  in  the  nutri¬ 
tion  of  the  animals,  but  more  than  this  does  not  seem  clear.  It  can  scarcely  be 
supposed  that  the  thinness  of  the  shells  was  due  to  a  deficiency  of  lime  in  solution  in 
the  water,  since  this  would  rather  increase  in  relative  amount  with  the  evaporation. 
Moreover,  the  shells  from  the  two  fresh-water  lakes  at  Ramleh  are  fairly  thick. 
Neither  can  the  deficiency  in  the  amount  of  the  shells  be  due  to  general  starvation, 
since  there  is  no  diminution  in  absolute  size  at  Shumish  Kul,  except  in  the  case  of  the 
shells  of  the  lowest  level,  which. do  appear  generally  ill-nourished;  while,  at  Jaksi 
Klich,  those  shells  which  have  become  thin  and  papery  from  the  desiccation  of  the 
lake  are,  on  the  whole,  absolutely  larger  than  an  average  sample  of  shells  from  the 
Aral  Sea. 

It  may  here  be  remarked  that  the  striking  similarity  between  the  shells  wliich  had 
been  exposed  to  very  salt  water  at  x4bu  Kn  and  tlmse  of  the  salt  lakes  of  the  Aral 
region  has  features  of  special  interest,  since  not  only  have  the  similar  conditions 
prevailed  in  producing  two  forms  closely  resembling  each  other,  but  this  has  been 
achieved,  though  the  animals  subjected  to  the  influence  Avere  at  first  unlike  and  had 
had  a  very  different  history.  For  even  supposing  that  the  Cockles  in  the  Aral  Sea 
were  originally  derived  from  those  of  the  Mediterranean,  which  is  uncertain,  yet  the 


318 


MR.  W.  BATESON  ON  SOME  VARIATIONS  OF  CARDIUM  EDULE 


Aral  shells  have  been  living  for  ages  in  water  containing  less  than  a  third  of  the  salt 
contained  in  Mediterranean  water,  and  the  Aral  Cockle  is  quite  sufficiently  different 
from  that  of  the  Mediterranean  to  constitute  a  well  marked  variety.  So  that,  while 
the  Cockles  originally  isolated  in  Abu  Kir  came  directly  from  the  Mediterranean,  the 
ancestors  of  those  which  were  subjected  to  increased  saltness  at  Jaksi  Klich,  &c.,  had 
been  living  in  brackish  water  in  the  Aral  Sea  for  an  indefinite  number  of  generations, 
yet  the  resulting  forms  in  both  cases  are  closely  alike. 

It  is  not  well  to  press  conclusions  of  this  kind  too  far,  and  it  may  be  that  unfavour¬ 
able  conditions  of  some  kind  quite  other  than  increased  saltness  may  result  in 
producing  similar  variations.  All  that  can  be  stated  with  certainty  is  that  shells 
exposed  to  increasingly  salt  water  do  change  in  a  particular  way,  and  that  they  do  so 
with  great  regularity  and  uniformity.  In  the  same  way  it  has  been  shown  that  the 
influence  of  fresh  water  does  not  lead  to  the  production  of  a  peculiar  type  of  shell. 
In  the  case  of  the  variation  consisting  in  increased  proportion  as  to  length,  it  is  e.spe 
daily  probable  that  the  cause  lies  in  the  general  unfavourableness  of  the  conditions. 
It  was  shown  to  be  present  both  in  those  shells  which  had  been  exposed  to  salt  water 
and  in  a  still  greater  degree  among  those  which  had  been  living  in  fresh  water.  It  is 
not  rare  to  find  occasionally  shells  of  Cockles  from  the  English  coast  of  similar  shape. 
Nevertheless,  the  regularity  of  the  presence  of  this  feature  among  the  shells  from 
these  abnormal  situations  is  so  great  as  to  make  it  certain  that  this  phenomenon  is  in 
some  manner  due  to  the  conditions.  Instances  in  which  it  is  possible  to  actually 
trace  the  occurrence  of  variations  are  so  rare  that  no  apology  is  required  for  having- 
given  so  much  attention  to  details  which  would  be  otherwise  unimportant.  In  the 
cases  here  given  it  has  not  only  been  possible  to  observe  the  variations,  but  also  to 
obtain  the  actual  ancestors  of  the  varying  offspring  for  comparison,  and  in  the  case  of 
the  shells  of  Shumish  Kul  an  opportunity  is  given  of  doing  this  at  several  successive 
stages. 

I  wish  to  express  my  thanks  to  many  persons  who  have  assisted  me  in  the  course 
of  my  investigations  and  especially  to  Sir  Kobert  Morier,  G.C.B.,  British  Ambassador 
at  St.  Petersburgh,  who  obtained  permission  for  me  to  travel  in  Central  Asia ;  to 
M.  Semenow,  Vice-President  of  the  Imperial  Geographical  Society,  and  to  M. 
Maximovitch  of  the  Botanic  Garden,  for  much  valuable  information  and  advice  ;  also 
to  C.  A.  CooKSON,  Esq.,  C.B.,  British  Consul  at  Alexandria.  Moreover,  though  this 
page  may  never  reach  them,  I  cannot  let  this  opportunity  pass  without  expressing  my 
gratitude  for  the  courtesy  and  hospitality  which  I  everywhere  met  with  at  the  hands 
of  the  Kirghiz  people. 
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Tables  Showing  Vakiations  in  the  Average  Katio  of  Length  to  LpvEadtji 
IN  Shells  from  Different  Localities. 

Explanation. — In  tlie  first  column  of  these  Tallies  the  actual  measurements  of  the 
lengths  and  breadths  of  each  shell  are  given  in  millimetres.  The  second  column  is 
constructed  from  the  first.  It  shows  the  number  of  shells  of  each  length  which 
compose  the  sample  of  30,  and  also  shows  the  average  breadth  of  shells  having  the 
same  length.  The  third  column  is  constructed  from  the  second  by  dividing  the 
average  breadths  in  each  case  by  the  length.  The  final  average  ratio  is  obtained 
from  the  third  column  by  multiplying  these  cjuantities  by  the  number  of  shells  from 
which  they  were  derived,  adding  together  these  products  and  dividing  the  sum  by  30. 

[In  the  column  in  which  the  breadths  are  given  the  figures  in  brackets  show  the 
number  of  shells  having  the  same  breadth.] 


Table  I. — The  Aral  Sea  . 


Measurements  of  shells  in  millimetres. 

Average  breadth  of  shells  having 

the  same  length. 

Length. 

Breadth. 

Length, 

Average 

breadth. 

Number  of 
shells. 

Ratio  of  length  to 
breadth. 

22 

17-5,  17(L 

22 

17T 

5 

1  :0  77 

21-5 

16 

21-5 

16 

1 

*74 

21 

160) 

21 

16 

4 

75 

20-5 

16 

20-5 

16 

1 

76 

20 

16-5, 160),  15-50),  150)A4 

20 

15-4 

13 

77 

19-5 

15-5,  15,  14 

19-5 

15 

1 

•76 

18-5 

14,  13 

19 

14-8 

3 

76 

' 

18-5 

13-5 

2 

72 

Average  ratio  of  length  to  breadth  in  30  shells  varying  in  length  between  22  mm.  and  18'5  mni. 

is  1:0761. 
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Table  11. — Shumisli  Kul. 
The  First  [Highest)  Terrace. 


Measurements  of  shells  in  millimetres. 

'  Average  breadth  of  shells  having  the  same  length. 

1 

Length. 

Breadth. 

Length. 

1 

Average 

breadth. 

Number  of 
shells. 

Ratio  of  length  to 
breadth. 

21 

17,  16 

1 

*  21 

16-5 

o 

1:0-77 

20-5 

160 

20-5 

16 

2 

-78 

20 

16(-5),  15-5,  150 

20 

15-6 

8 

-78 

19 

15-50,  150 

19 

15-1 

6 

-79 

18-5 

15-.5,  15,  14-5,  14 

18-5 

14-7 

4 

-79 

18 

150,  14-50,  140 

18 

14  5 

7 

-80  : 

17-5 

14-5,  14 

17-5 

14-2 

O 

-81 

17 

140,  13-5,  13 

17 

18*7 

7 

-81 

16'5 

14 

16-5 

14 

1 

-84 

16 

13 

16 

13 

1 

•81 

Avei'ago  ratio  of  leiigtii  to  breadth  iii  30  shells  varying  in  length  between  21  nini.  and  16  niin. 

is  I  :  0’799. 


The  Second  Teoxice. 


(rt.)  Shells  Vavying  in  Length  between  21  nnn.  and  16  inm. 


jVtea.suremcnts  of  shells  in  millimeu-e.s. 

Average  breadtl 

of  shells  having 

the  same  length. 

Ratio  of  length  to 
breadth. 

Length. 

Breadth. 

Length. 

Average 

breadth. 

Number  of 
shells. 

21 

170,  160 

21 

16-5 

4 

1:0-78  I 

20-5 

16 

20-5 

16 

1 

-78  ' 

20 

16(i),  15-5,  15(-0 

20 

15-4 

6 

*77  ' 

19-5 

16,  15-5,  15 

1  19-5 

15-5 

3 

-79  : 

19 

16,  15-5(-"),  15,  14 

'  19 

15-2 

(i 

-80  j 

18-5 

14 

18-5 

14 

1 

-76 

18 

15(2),  i.i 

18 

14-4 

6 

-80  ' 

17-5 

14 

17-5 

14 

1 

-80  ■ 

17 

14 

17 

14 

1 

-82 

IL 

13 

1 

-81 

1 

AA'ei’age  latio  of  length  to  breadth  in  30  shells  varying  in  length  between  21  inm.  and  16  nun. 

is  1  :  0-7S2. 


APPARENTLY  CORRELATED  TO  THE  CONDITIONS  OF  LIFE. 
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(6.)  Shells  Varying  in  Length  between  26  mm.  and  20  mm. 


Measurements  of  shells  in  millimetres. 

Average  breadth  of  shells  having  the  same  length. 

Ratio  of  length  to 
breadth. 

Length. 

Breadth. 

Length. 

Average 

breadth. 

Number  of 
shells. 

26 

20 

26 

20 

1 

1  :  0-76 

25 

19(2),  18-5 

25 

18-8 

3 

•75 

24-5 

19 

24-5 

19 

1 

!  -77 

24 

19,  18(2) 

24 

18-3 

3 

1  -'7 

23 

17(2) 

23 

17 

2 

‘  -73 

22 

18(^),  17-5(2),  17(2) 

22 

17-5 

8 

1  -79 

21 

17,  16 

21 

16-5 

2 

•78 

20-5 

16 

20-5 

16 

1 

•78 

20 

16,  15-5,  15(2) 

20 

15-3 

4 

•76 

10-5 

15-5,  15 

19-5 

15-2 

2 

•75 

19 

15-5(3),  15 

19 

15-3 

3 

•80 

Average  ratio  of  lengtli  to  breadth  in  30  shells  varying  in  length  between  26  mm.  and  20  mm. 

is  1  :  0'770. 


The  Third  Terrace, 


1  Measurements  of  shells  in  millimetres. 

i 

Average  breadth  of  shells  having 

the  same  length. 

Ratio  of  length  to 
bread ih. 

1  Length. 

Breadth. 

Length. 

Average 

breadth. 

Number  of 
shells. 

1  22 

17,  16  (i) 

22 

16-2 

5 

1  :  0-73 

j  21-5 

16-5,  16(i),  15 

21-5 

15-9 

6 

•74 

;  21 

16-5,  16(3),  -L5 

21 

15-9 

5 

•75 

20 

16(2),  15(3) 

20 

15-4 

5 

•77 

1  19-5 

15 

19-5 

15 

1 

•76 

i  19 

15(2),  14-5^  14(2) 

19 

14-5 

5 

•76 

i  18 

1 

1 

14-5,  14,  13 

18 

13-8 

3 

•76 

Average  ratio  of  length  to  breadth  in  30  shells  varying  in  length  between  22  mm.  and  IG  mm. 

is  1 :  0'751. 


•) 
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The  Fourth  Terrace. 


(a.)  Shells  Varying  in  Length  between  21  mm.  and  16  mm. 


Measuremente  of  shells  in  millimetres. 

Average  breadth  of  shells  having  the  same  length. 

Eatio  of  length  to 
breadth. 

j 

Length. 

Breadth. 

Length. 

Average 

breadth. 

Number  of 
shells. 

21 

16-5,  16,  15-5,  15(2) 

21 

15-4 

5 

i  1:0-73 

20-5 

16-5,  16.  15(2) 

20-5 

15-6 

4 

1  -76 

20 

16,  15,  14-5,  14(3) 

20 

14-5 

6 

1  -7-2 

19-5 

15,  14(2) 

19-5 

14-3 

3 

1  -73 

19 

14,  13-5,  13 

19 

13-5 

3 

1  ‘71 

18-5 

13 

18-5 

13 

1 

!  -70 

18 

14.  13 

18 

13-5 

2 

1  -74 

17-5 

14,  13 

17-5 

13-5 

2 

'  -77 

17 

13 

17 

13 

1 

•76 

16 

12-5,  12,  11-5 

16 

12 

3 

•75 

Average  ratio  of  length  to  breadth  in  30  shells  varying  in  length  between  16  mm.  and  21  mm. 

is  1 ;  0-73.5. 


(b.)  Shells  Varying  in  Length  between  26  mm.  and  18  mm. 


1 

Measurements  of  shells  in  millimetres.  ^ 

Average  breadth  of  shells  having  the  same  length. 

Eatio  of  length  to 
breadth. 

Leng-th. 

Breadth.  | 

Lengih. 

Average 

breadth. 

Number  of 
shells. 

26 

19 

26 

19 

1 

1  :  0-73 

25 

18 

25 

18 

1 

•71 

23 

18,  17-5,  16 

23 

17-1 

3 

•74 

22-5 

17 

22-5 

17 

1 

•75 

21 

16-5,  16,  15-5,  15(2) 

21 

15-4 

5 

•73 

20-5 

16-5,  16,  15(2) 

20-5 

15  6 

4 

•76 

20 

16,  15,  14-5,  14(3) 

20 

14-5 

6 

•72 

19-5 

15,  14(2) 

19-5 

14-3 

3 

•73 

19 

14,  13-5,  13 

19 

13-5 

3 

•71 

18-5 

13 

18-5 

13 

1 

•70 

18 

14,  13 

18 

13-5 

2 

•74 

Average  i-atio  of  length  to  breadth  in  30  shells  varying  in  length  between  26  mm.  and  18  min. 

is  1  :  0-730. 


APPARENTLY  CORRELATED  TO  THE  CONDITIONS  OF  LIFE. 
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The  Fifth  Terrace. 


[a.)  Shells  Varying  in  Length  between  21  mm.  and  16  mm. 


Measurements  of  shells  in  millimetres. 

Average  breadth  of  shells  having 

the  same  length. 

Eatio  of  length  to 
breadth. 

Length. 

Breadth. 

Length. 

Average 

breadth. 

Number  of 
Shells. 

21 

17,  16-5,  16(2),  15-5 

21 

16-2 

5 

1  :  077 

20-5 

15 

20-5 

15 

1 

73 

20 

15-5,  14 

20 

147 

2 

73 

19-5 

14-5,  14 

19-5 

14-2 

2 

73 

19. 

15, 14(h,  13-5,  13 

19 

13-9 

7 

73 

18 

14(2),  13-5 

18 

13-8 

3 

73 

17-5 

13-5,  13 

17-5 

13-2 

o 

75 

17 

13-5,  13(2),  12-5 

17 

13 

4 

76 

16 

13,  12-5,  12(2) 

16 

12-3 

4 

77 

Average  ratio  of  lengtli  to  breadth  in  30  shells  varying  in  length  between  21  mm.  and  16  mm. 

is  1 :  0743. 


[h.)  Shells  Varying  in  Length  between  27'5  mm.  and  21  mm. 


Measurements  of  shells  in  millimetres. 

Average  breadth  of  shells  having 

the  same  length. 

Eatio  of  length  to 
breadth. 

Length. 

Breadth. 

Length. 

Average 

breadth. 

Number  of 
shells. 

27-5 

19 

27-5 

19-5 

1 

1  :  0-70 

26 

20,  19,  18 

26 

19 

3 

-73 

25-5 

17 

25-5 

17 

1 

-67 

25 

19-5, 19,  18-5,  18,  17-5 

25 

18-5 

5 

-74 

24 

19(2),  18-5,  18,  17-5 

24 

18-4 

5 

-75 

23 

17,  16-5(2),  16(2) 

23 

16-4 

5 

-71 

22-5 

17(2),  15-5 

22-5 

16-5 

3 

-73 

22 

17-5,  17,  16-5,15 

22 

16-5 

4 

-75 

21-5 

16 

21-5 

16 

1 

"74 

21 

17,  16 

21 

16-5 

2 

-73 

Average  ratio  of  length  to  breadth  in  30  shells  varying  in  length  between  27‘5  mm.  and  21  mm. 

is  1 :  0731. 


2  T  2 
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The  Seventh  Terrace. 


Shells  Varying  in  Leng-th  between  21  mm.  and  16  mm. 


Measurements  of  shells  in  millimetres. 

Average  breadth  of  shells  having  the  same  length. 

Ratio  of  length  to 
breadth. 

Length. 

Breadth. 

Length. 

Average 
br  adth. 

M umber  of 
shells. 

21 

15 

21 

15 

1 

1:0-71 

20-5 

15 

20-5 

15 

1 

-73 

20 

15(3),  14.5,  14(3) 

20 

14-5 

1 

•72 

19-5 

13-5 

19-5 

13-5 

1 

•69 

19 

14-5,  14(2),  13 

19 

13-8 

4 

•72 

18-5 

13 

18-5 

13 

1 

•70 

18 

14(2),  13-5(3),  12 

18 

13-4 

5 

•74 

17-5 

13,  12 

17-5 

12-5 

2 

•71 

17 

13(2),  12(^) 

17 

12-3 

6 

•72 

16 

13,  12 

16 

12-5 

2 

•78 

Average  ratio  of  lengtt  to  breadth  in  30  shells  varying  in  length  between  21  mm.  and  16  mm. 

is  1:0-725. 


Table  III. — Jaksi  Klich. 


Shells  of  the  Outer  Dei'yosits  Varying  in  Length  between  22  mm.  and  17  mm. 


Measurements  of  shells  in  millimetres. 

Average  breadth  of  shells  having 

the  same  length. 

Ratio  of  length  | 
to  breadth. 

1 

Length. 

Breadth. 

Length. 

Average 

breadto. 

Xurnber  of 
shells. 

22 

16(3) 

22 

16 

0 

0 

1:0-72  i 

21 

16(3),  15.5^  15(3^ 

21 

15-7 

7 

•74 

20 

15(7),  14-.5,  14 

20 

14-8 

9 

•74 

19-5 

14(2) 

19-5 

14 

2 

•71 

19 

15,  14 

19 

14-5 

2 

•76 

18-5 

14(2) 

18-5 

14 

2 

•75 

18 

14,  13(2) 

18 

13-3 

3 

•73 

17-5 

13-5 

17-5 

13-5 

1 

•77 

17 

14 

17 

14 

1 

•82 

Average  ratio  of  length  to  breadth  in  30  shells  varying  in  length  between  22  mm.  and  17  mm. 

is  1  :  0-740. 


APPARENTLY  CORRELATED  TO  THE  CONDITIONS  OP  LIFE. 
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Shells  of  the  Inner  Deposit. 


(a.)  Shells  Varying  in  Length  between  25 ’5  mm.  and  19  mm. 


Measuroments  of  shells  in  millimetres. 

Average  breadth  of  shells  having  the  same  lengdi. 

1 

Ratio  of  length 
to  breadth. 

Length. 

Breadth. 

Length. 

Average 

breadth. 

Number  of 
sheds. 

25-5 

17-5,  17 

25-5 

17-2 

2 

1  :  0-73 

25 

17-5,  17,  16-5 

25 

17 

3 

-68 

24-5 

16(3) 

24-5 

16 

2 

-65 

24 

17,  16(2) 

24 

16-3 

3 

-67 

23-5 

16(2) 

23-5 

16 

2 

-68 

23 

15-5(2),  14.5 

23 

15-1 

3 

-65 

22-5 

16,  15-5,  15 

22-5 

15-5 

3 

-68 

22 

16(2),  15(4) 

22 

15-3 

6 

-69 

21-5 

15-5,  15(2) 

21-5 

15-1 

3 

-70 

21 

14-5 

21 

14-5 

1 

-69  1 

20 

13 

20 

13 

1 

-65 

19 

14 

19 

14 

1 

-73 

Average  ratio  of  length  to  breadth  in  30  shells  varying  in  length  between  25‘5  mm.  and  19  mm. 

is  1  :  0'682. 


(6.)  Shells  Varying  in  Length  between  30  mm.  and  25'5  mm. 


Measurements  of  shells  in  millimetres. 

Average  breadth  of  shells  having 

the  same  length. 

Ratio  of  length 
to  breadth. 

Length. 

Breadth. 

Length. 

Average 

breadth. 

Number  of 
shels. 

30 

20 

30 

20 

1 

1:0-66 

29 

20 

29 

20 

1 

-69 

28 

19,  17-5 

28 

18-2 

2 

-65 

27-5 

19-5,  19,  18 

27-5 

17-5 

3 

-63 

27 

19(3),  18(2),  17..5 

27 

18-4 

6 

-68 

26-5 

18(3),  17.5,  17 

26-5 

17-6 

4 

*67 

26 

18(3),  17  5,  17(3) 

26 

17-5 

11 

/ 

-67 

25-5 

18,  17-5(3),  17(3) 

25-5 

17-3 

6 

-67 

Average  ratio  of  length  to  breadth  in  30  shells  varying  in  length  between  30  mm.  and  25'5  mm. 

is  1  :  0-660. 
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Table  IV. — Shells  from  the  Bottom  of  Jaman  Klich. 


Measurements  of  shells  In  millimetres. 

:  Average  breadth  of  shells  having  the  same  length. 

Eatio  of  length  to 
breadth. 

Length. 

Breadth. 

I.ength. 

Average 

breaoth. 

Number  of 
shells. 

24 

17,  16-5 

24 

16-7 

2 

1  :  0-69 

23 

17,  16 

23 

16-5 

2 

-71 

22 

16(3) 

22 

16 

3 

•72 

21-5 

15-5 

21-5 

15-5 

1 

•72 

21 

15(2) 

21 

15 

2 

•71 

20-5 

15 

20-6 

15 

1 

•73 

20 

14(2) 

20 

14 

2 

•70 

19 

14-5,  14(2),  L3-5(2) 

19 

13-9 

5 

•73 

18-5 

14(i),  13 

18-5 

13-8 

5 

•75 

18 

13-5,  13 

18 

13-2 

2 

•73 

17-5 

14,  13 

17-5 

13-5 

2 

•77 

17 

13,  12 

!  17 

12-5 

2 

•73 

16 

11  5 

16 

i 

11-5 

1 

•71 

Average  ratio  of  lengfcli  to  breadth  in  SO  .shells  varying  in  length  between  24  mm.  and  16  mm. 

is  1  :  0-726. 


Table  V. — Shells  from  the  Shore  of  Mareotis. 


Shells  Varying  in  Length  between  27  mm.  and  20  mm,. 


Mea.surements  of  shells  in  millimetres. 

Average  breadth  of  shells  having 

the  same  length. 

Eatio  of  length  to 
breadth. 

Length. 

Breadth. 

Length. 

Average 

breadth. 

Number  of 
shells. 

27 

19,  18  j 

27 

18-5 

2 

1  :  0-68 

26 

18  1 

26 

18 

1 

•69 

25 

18(2),  17.5^  17^  10(2) 

25 

17 

6 

•68 

24-5 

17 

24-5 

17 

1 

•69 

24 

16-5 

24 

16-5 

1 

•68 

23 

16(2),  150 

23 

15-5 

6 

•67 

22-5 

16(2),  1.5-5 

22-5 

15-8 

3 

•70 

22 

15-5,  15 

22 

15-2 

2 

•69 

21-5 

15 

21-5 

15 

1 

•67 

21 

15,  14(1) 

21 

14-2 

5 

•70 

20 

14(2) 

20 

14 

2 

Average  ratio  of  length  to  breadth  in  30  shells  varying  in  length  between  27  mm.  and  20  mm. 

is  1 :  0-680. 


APPARENTLY  CORRELATED  TO  THE  CONDITIONS  OP  LIFE. 
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Table  VI.— Ramleli  Fresh-water  Lake  No.  2. 


(a.)  Shells  Varying  in  Length  heiiveen  21  mm.  and  17  min. 


Measurements  of  shells  in  millimetres. 

Average  breadth  of  shells  having  the  .same  length. 

Ratio  of  length  to 
breadth. 

Length. 

Breadth. 

Length. 

Average 

breadth. 

Number  of 
shells. 

21 

15,  14,  13-5 

21 

14-1 

3 

1:0-67 

20 

14,  13(»),  12-5 

20 

13-1 

5 

'Go 

19-5 

13(2) 

19-5 

13 

2 

-66 

19 

13-5,  130,  12-5(3),  12(2) 

19 

12-7 

10 

-66 

18 

13(3),  12-5,  12,  11-5(3) 

18 

12-3 

7 

-68 

17-5 

12(2) 

17-5 

12 

2 

-68 

17 

11-5 

17 

11-5 

1 

-67 

Average  ratio  of  length  to  breadth  in  30  shells  varying  in  length  between  21  mui.  and  17  mm. 

is  1 :  0‘665. 


(Jj.)  Shells  Varying  in  Length  hetiveen  29  mm.  and  16 '5  mm. 


Measurements  of  shells  in  millimetres. 

Average  breadth  of  .shells  having 

the  same  length. 

Ratio  of  length  to 
breadth. 

j  Length. 

Breadth. 

Length. 

Average 

breadth. 

Number  of 
shells. 

! 

29 

17 

29 

17 

1 

1  :  0-58 

28 

19,  18 

28 

18-5 

2 

-66 

27-5 

18-5,  18(2),  17 

27-5 

17-7 

4 

*64 

26 

19,  18-5,  17,  16-5 

26 

17-7 

4 

-68 

25 

17-5,  16 

25 

16-7 

2 

•67 

24 

17(2),  16-5^  15-5^  15 

24 

16-2 

5 

-67 

23-5 

15-5 

23-5 

15-5 

1 

-65 

23 

15,  14 

23 

14-5 

2 

-63 

22 

15-5 

22 

15-5 

1 

-70 

21-5 

15,  14 

21-5 

14-5 

2 

•67 

20-5 

13 

20-5 

13 

1 

•65 

20 

14,  12 

20 

13 

2 

•63 

19-5 

13 

19-5 

13 

1 

•66 

19 

12 

19 

12 

1 

•62 

16-5 

11-5 

16-5 

11-5 

1 

•69 

Average  ratio  of  length  to  breadth  in  30  shells  varying  in  length  between  29  mm.  and  16'5  mm. 

is  1:  0-657. 
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Table  VII. — Shells  from  the  Shore  of  Abu  Kir. 


Measurements  of  shells  in  millimetres. 

Average  breadth  of  shells  having  the  same  length. 

Eatio  of  length  to 
breadth. 

Length. 

Breadth. 

Length. 

Average 

breadth. 

N  umber  of 
shells. 

24 

17-5,  17 

24 

17-2 

2 

1  :  0-71 

23 

17,  16,  15-5 

23 

16 

3 

•69 

22-5 

17-5,  16-5,  15-5 

22-5 

16-5 

3 

•73 

22 

16,  1.5-5,  15 

22 

15-3 

3 

•69 

21-5 

15(5),  14 

21-5 

14-8 

6 

•68 

21 

16,  15-5,  15(2) 

21 

15-3 

4 

•72 

20-5 

15 

20-5 

15 

1 

•74 

20 

14-5,  14(5) 

20 

14 

6 

•70 

19-5 

14-5,  14 

19 

14-2 

2 

•75 

Average  ratio  of  length  to  breadth  in  30  shells  varying  in  length  between  24  mm.  and  I9'5  mm. 

is  1  :  0738. 


Table  VIII. 

This  Table  gives  the  results  of  the  previous  Tables.  The  extremes  of  length  of  the 
shells  measured  for  these  averages  are  given  in  millimetres,  and  the  average  breadths 
are  given  in  terms  of  the  length,  which  is  taken  as  1. 


Locality. 

Level. 

Smaller  samples. 

Larger  samples. 

Extremes 
of  length. 

Average 

breadth. 

Extremes 
of  length. 

Average 

breadth. 

Shore  of  Ai-al  Sea . 

22  -18-5 

0-761 

Shumisb  Knl . 

First  terrace  . 

21  -17 

0-799 

Second  terrace  . 

21  -17 

0-782 

26-19 

o 

o 

Third  terrace. 

22  -18 

0-751 

i 

Fourth  terrace  . 

21  -16 

0-735 

26-18 

0-730 

1 

Fifth  terrace  . 

21  -16 

0-743 

27-21 

0-731 

Seventh  terrace  . 

21  -16 

0-725 

Jaksi  Klich . 

Upper  deposit  . 

22  -17 

0-740 

Lower  deposit  . 

25-5-19 

0-682 

30-25-5 

0-660 

Jaman  Rlich . 

Lower  dejiosit  . 

•24  -16 

0-726 

Shore  oE  Mareoti.s . 

,  . 

27-20 

0-6S0 

Ramleh  Lake  No.  2  (fresh- water). 

21  -17 

0-665 

29-16-5 

0-657 

Shore  of  Abu  Kir . 

24  -19-5 

0-738 

1 

APPARENTLY  CORRELATED  TO  THE  CONDITIONS  OF  LIFE. 
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Table  Showing  the  Comparative  Weights  of  Shells  of  Similar  Size. 


For  the  purpose  of  this  Table  twenty  shells  were  chosen  from  each  sample  to  be 
compared,  as  nearly  alike  in  length  as  was  possible. 

The  first  column  gives  the  name  of  the  locality,  the  second  the  level,  the  third 
shoM's  the  extremes  of  length  in  millimetres  of  the  shells  selected,  the  fourth  column 
gives  the  sum  of  the  lengths  of  the  twenty  shells,  and  the  fifth  column  gives  the  total 
weiofht. 


Locality. 

Level. 

Extremes  of 
lengtji  in 
millimetres. 

Average 
length  of  20 
specimens. 

Total  weight 
in  grammes  of 
20  .specimens. 

Shore  of  Aral  Sea . 

21-17 

19-2 

1 

13-3 

Shumi.sli  Rul . 

First  terrace  . 

21-17 

19T 

14T 

,,  . . 

Second  terrace  . 

21-17 

19-4 

14-5 

Fourth  ten'ace  . 

21-17 

19-2 

6-5 

Fifth  terrace  . 

21-17 

18-9 

6T 

. 

,  Shore  of  Abu  Kir . 

Seventh  terrace  . 

21-17 

19-7 

4-6 

21-17 

19-0 

6-4 

Jaksi  Klich  .  ■ . 

Upper  deposit  . 

23-19 

20-4 

7-8 

1  ')•>  . . 

Ijower  deposit  . 

23-19 

20-4 

5'5 

1  Jaman  Klich . 

Lower  deposit  . 

21-17 

19-2 

5T 

Ancient  shells  exposed  at  Manclara  . 

26-21 

23-4 

24-2 

'  Shore  of  Mareotis . 

25-22 

23-8 

12-0 

Ramleh  Lake  No.  1  (fresh-water)  . 

25-20 

21-4 

18-3 

Ramleli  Lake  No.  2  (fresh-wateip  . 

26-23 

24-1 

23-6 

1 

Explanation  of  Plate  26. 

Figs.  1-7  represent  shells  of  Cardium  edule  from  the  successive  terraces  at 

Shumish  Kul. 

Fig.  1.  Eight  valve  from  the  first  {i.e.,  the  highest)  terrace. 

Fig.  2.  Eight  valve  from  the  second  terrace. 

Fim  3.  Left  valve  from  the  third  terrace. 

o 

Fio'.  4.  Eicjlit  valve  from  the  fourth  terrace. 

Fig.  5.  Eight  valve  from  the  fifth  terrace. 

Fig.  6.  Eight  valve  from  the  sixth  terrace. 

Fig.  7a.  Left  valve  from  the  seventh  terrace,  seen  from  the  outside. 

Fig.  7h.  The  same  shell  as  fig.  7o,  seen  from  the  inside,  showing  the  grooves. 

Fig.  7c.  Dorsal  view  of  an  individual  from  the  seventh  terrace,  showing  the  reduced 
size  of  the  beaks. 
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Fig.  8.  Right  valve  from  the  lower  deposit  at  Jaksi  Klich. 

Fig.  9.  Ptight  valve  from  the  lower  deposit  at  Jaman  Klich. 

Fig.  10.  Left  valve  from  the  edge  of  the  great  lagoon  at  Abu  Kir. 

Fig.  11.  Left  valve  from  the  western  shore  of  Lake  Mareotis. 

Fig,  12.  Left  valve  from  the  deposit  of  sub-fossil  shells  at  Mandara. 

Fig.  13.  Cardium  edule  from  the  fresh-water  lake  at  Ramleh  (referred  to  in  the  text 
as  Ramleh  Lake  No.  2),  seen  from  its  oral  end. 

All  the  figures  were  drawn  by  the  Cambridge  Scientific  Instrument  Company. 
They  show  the  natural  size  of  the  shells  and  theii'  colours  as  they  appear  when  loet. 
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VIII.  On  the  Descending  Degeneralions  which  fodoie  Lesions  of  the  (Ljcus  Margined  is 

and  Gynis  Fornicaius  in  Monkeys. 

By  E.  P.  Feance.  With  an  Introduction  hy  Professor  Schafer,  F.R.S. 

{From  the  Physiologiccd  Laboratory,  University  College,  London.) 

Received  March  9, — Read  March  28,  1889. 


[Plates  27-29.] 

INTRODUCTION. 

The  following  paper  contains  the  record  of  an  investigation  into  the  degenerations 
which  follow  lesions  of  the  gyrus  marginalis  and  gyrus  fornicaius  in  Monkeys.  The 
work  has  been  carried  on  under  my  direction  by  Mr.  Feance,  with  the  aid  of  a  grant 
from  the  Government  Grant  Fund,  and  represents  part  of  a  long  investigtition  into 
the  degenerations  which  follow  artificially  produced  cerebral  lesions,  the  material  for 
which  has  been  furnished  by  cases  operated  upon  in  conjunction  respectively  with 
Professor  V.  Hoesley  and  Dr.  Sangee  Beown.  These  cases  and  the  physiological 
results  of  the  operalions  have  already  been  published  in  the  ‘  Philosophical  Trans¬ 
actions.’*  The  experiments  here  dealt  with,  twelve  in  number,  comprise  only  the 
lesions  of  the  gyrus  marginalis  and  gyrus  fornicatus,  and,  with  one  exception 
(case  12),  are  taken  from  the  series  of  experiments  performed  in  conjunction  with 
Mr.  Hoesley.  t 

Of  the  twelve  cases,  six  were  of  removal,  or  attempted  removal,  of  the  gyrus  mar¬ 
ginalis,  and  six  of  removal,  or  attempted  removal,  of  the  gyrus  fornicatus.  But  in 
only  one  or  two  instances  was  the  lesion,  as  determined  by  post-mortem  examination, 
exactly  limited, to  the  convolution  which  it  was  attempted  to  remove,  for  in  most 
cases  the  adjacent  gyrus  was  to  a  certain  extent  involved  in  the  injury.  This  was 
especially  the  case  when  removal  of  the  gyrus  fornicatus  had  been  attempted,  on 
account  of  its  deep  situation,  and  the  difficulty  of  getting  at  it  without  some 
manipulation  of  the  superjacent  gyrus.  Nevertheless,  the  removal  of  one  or  the  other 

*  V.  Horsley  and  E.  A.  Schafer,  “  A  Recoid  of  Experiments  on  the  Functions  of  the  Cerebral 
Cortex,”  ‘Phil.  Trans,’  B,  1888,  pp.  1-45  ;  and  Sanger  Brown  and  E.  A.  Schafer,  ‘  Phil.  Trans.,’  B,  1888, 
pp.  303-.327. 

t  In  an  Appendix,  which  has  been  added  subsequently,  lesions  of  the  external  motor  cortex  are  dealt 
with  by  Mr.  France. 
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gyras  was  sufficiently  complete  in  all  the  cases  here  selected  to  produce  characteristic 
symptoms  and  characteristic  descending  degenerations. 

It  may  be  remembered  that  the  symptoms  which  were  found  (by  Horsley  and 
myself)  to  follow  removal  of  one  marginal  gyrus  indicated  paralysis  of  the  trunk 
muscles  and  of  most  of  the  leg  muscles  (especially  the  extensors)  of  the  opposite  side 
of  the  body ;  double  marginal  lesion  causing  a  corresponding  bilateral  paralysis. 
This  result  was  in  conformity  with  our  earlier  experiments,  which  demonstrated  that 
on  electrical  excitation  of  this  gyrus  movements  of  the  trunk  and  opposite  leg  were 
chiefly  produced.  It  showed  conclusively  that  the  gyrus  marginalis  is  to  be  regarded 
as  part  of  the  so-called  motor  region  of  the  brain  as  mapped  out  by  Ferrier.  It 
was,  therefore,  only  to  be  expected  that  we  should  And  descending  degenerations 
along  the  course  of  the  pyramidal  tract,  as  is  indeed  seen  to  be  the  case  if  the 
following  account  of  the  degenerations  and  the  photographic  representations  of 
sections  through  the  sjjinal  cord  and  medulla  are  referred  to.  The  chief  feature  of 
interest  in  this  part  of  the  investigation  is  the  localisation  of  the  degeneration  mainly 
to  the  postero-lateral  part  of  the  crossed  pyramidal  tract  area  of  the  cord. 

With  regard  to  the  gyrus  fornicatus,  the  results  of  electrical  excitation  were  found 
by  us  to  be  negative,  so  far  at  least  as  any  movements  of  muscles  were  concerned. 
And  we  also  found  that,  except  such  slight  paresis  as  might  well  have  been  accounted 
for  by  the  unavoidable  injury  to  the  adjacent  marginal  convolution,  even  very  exten¬ 
sive  removal  of  the  gyrus  fornicatus  was  productive  of  no  muscuku’  paralysis.  On  the 
other  hand,  we  obtained  well  marked  deficiency  in  the  general  and  tactile  sensibility 
of  the  opposite  side  of  the  body,  and  concluded  therefrom  that  this  part  of  the  limbic 
lobe  was  probably  concerned  with  the  reception  of  sensory  impressions. 

If  the  view  which  is  usually  held,  viz.,  that  in  the  central  nervous  system  the 
direction  of  conduction  and  degeneration  is  the  same,  be  correct,  this  conclusion  of 
ours  would  have  to  he  modified,  in  consideration  of  the  extensive  descending 
degenerations  along  the  whole  area  of  the  pyramidal  tract  which  are  recorded  by 
Mr.  France  as  resulting  from  the  lesions  of  the  gyrus  fornicatus,  for  it  would  be 
difficult,  with  these  facts  before  us,  t.o  arrive  at  any  conclusion  other  than  that 
centrifugal  nervous  impulses  emanate  from  the  cells  of  this  gyrus,  and  pass  down 
along  the  course  of  the  motor  tract. 

The  question  wliich  would  then  arise  is.  What  is  the  nature  of  these  centrifugal 
impulses  I  The  observations  already  referred  to  would  seem  to  show  that  they  do 
not  pass  to  the  skeletal  muscles,  and  the  idea  suggests  itself  that  they  are  of  vaso¬ 
motor  (?  inhibitory)  character.  Such  a  supposition  is  not  at  variance  with  the  hemi- 
anmsthetic  results  obtained  on  removal  of  the  gyrus  fornicatus,  for  these  results 
might  he  explained  by  supposing  contraction  of  cutaneous  vessels  (and  consequent 
numbness)  to  result  from  the  removal. 

But  are  we  hound  to  accept  the  above  view  regarding  conduction  and  degeneration 
in  the  central  nervous  system  ?  It  by  no  means  follows  that  we  are.  The  only  law  of 
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universal  applicability  (to  both  central  and  peripheral  nervous  system)  regarding-  these 
phenomena,  is  the  Wallerian,  that  degeneration  supervenes  in  all  nerve  fibres  which 
are  cut  oflf  from  their  nutrient  centres,  which  in  all  pi-obability  are  the  cells  from 
which  the  fibres  have  originally  grown  out  (His).  The  nutrient  centres  for  the  higher 
motor  tracts  lie  in  the  grey  matter  of  the  cerebral  cortex,  and  there  is  nothing  intrin¬ 
sically  improbable  in  the  supposition  that  those  for  the  higher  sensory  tracts  are  also 
to  be  found  there.  To  decide  between  these  two  explanations  must  be  the  object  of 
future  investigations.  [E.  A.  Schafer.] 


ON  THE  DESCENDING  DEGENERATIONS  WHICH  FOLLOW  LESIONS  OF  THE 
GYRUS  MARGINALIS  AND  GYRUS  FORNICATUS.* 

Summary  of  the  Degenerations  which  follow  Marginal  Lesions. 

I  have  examined  six  cases  where  a  lesion  in  the  marginal  convolution  was  produced. 
In  two  cases  this  injury  was  strictly  confined  to  the  marginal  (cases  1  and  4),  the 
gyrus  fornicatus  being  quite  uninjured. 

In  the  remaining  cases  there  was  some  injury  to  the  adjacent  external  surface  of 
the  hemisphere,  or  to  the  gyrus  fornicatus. 

In  the  internal  capsule  the  degeneration  has  been  difficult  to  detect,  and  all  that  I 
can  say,  as  far  as  this  series  is  concerned,  is  that  I  have  not  seen  degeneration  in  front 
of  the  knee,  but  have  occasionally  been  able  to  make  out  scattered  degenerated  fibres 
in  the  posterior  half 

In  the  'pons  the  degeneration  is  easily  seen,  scattered,  apparently  indiscriminately, 
in  the  pyramidal  bundles.  If  the  cortical  lesion  had  been  extensive  and  the  animal 
had  lived  for  some  time  (ten  weeks  or  more),  a  distinct  difference  in  the  size  of  the 
bundles  on  the  two  sides  could  be  seen  with  the  naked  eye  after  hardening. 

The  medulla  ohlongata  also  shows  degeneration  in  the  pyramids.  Here  it  is  more 
concentrated  than  in  the  pons.  A  shrinking  of  the  pyramid  coiu’espondiiig  to  the  side 
on  which  the  cortical  lesion  has  been  made  similar  to  that  in  the  pons  can  be  seen 
with  the  naked  eye  if  the  animal  has  lived  long  enough  for  much  sclerosis  to  have 
been  set  up  (see  fig.  2b,  Plate  28). 

In  the  spinal  cord  the  degeneration  is  continued  in  the  crossed  pyramidal  tract  on 
the  side  opposite  the  lesion,  and  can  be  traced  in  this  tract  as  far  as  the  lower  lumbar 
region. 

I  have  not  found  degeneration  in  the  direct  pyramidal  tract  in  any  case.  In  all 
cases  where  the  degeneration  in  the  crossed  pyramidal  tract  on  the  side  opposite  the 
lesion  is  well  marked,  degeneration  in  the  crossed  pyramidal  tract  on  the  same  side  as 
the  lesion  can  also  be  seen  (see  fig.  2d),  occupying  a  similar  position  to  that  on  the 


*  Tlie  remainder  of  the  paper  is  by  Mr.  E.  P.  France. 
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other  side,  but  very  much  less  in  amount.  This  degeneration  has  been  followed  down 
the  cord  as  far  as  the  lumbar  region  in  some  instances. 

The  shape  of  the  degeneration  in  the  lateral  column  is  sufficiently  constant  in  all 
cases  where  there  has  been  considerable  injury  to  the  marginal  convolution  for  it  to  be 
considered  characteristic  of  this  lesion. 

In  the  cervical  region  it  is  narrowly  triangular  or  claw-shaped,  the  base  being 
towards  the  posterior  cornu,  and  the  (expanded)  apex  at  the  surface  of  the  cord, 
reaching  this  at  about  the  middle  of  the  lateral  border  (see  fig.  Ic.),  One  side  of 
the  triangle  is  formed  by  the  line  of  separation  between  the  crossed  pyramidal  tract 
and  the  direct  cerebellar  tract.  Along  this  line  tlie  degeneration  always  appears  to 
be  most  complete,  that  is  to  say,  the  degeneration  is  chiefly  confined  to  the  posterior 
and  outer  part  of  the  crossed  pyramidal  tract ;  this  is  noticeable  down  the  whole  of 
the  cord.  In  the  cervical  region  the  degeneration  spreads  out  immediately  within  the 
circumference  of  the  cord,  the  direct  cerebellar  tract  appearing  as  if  pushed  backwards 
towards  the  apex  of  the  posterior  cornu,  where  it  occupies  an  area  which  is  triangular 
in  section,  in  place  of  the  oblong  tract  seen  in  sections  lower  down. 

In  the  upper  dorsal  region  the  appearance  is  much  the  same  as  in  the  cervical 
region,  except  that  the  connection  of  the  degeneration  with  the  circumference  of  the 
cord  is  becoming  less  extensive,  althougii  the  whole  tract  of  degeneration  has 
approached  a  little  nearer  the  circumference,  from  which  it  is  separated  by  the  now 
oblong  cerebellar  tract. 

In  the  lower  dorsal  region  the  degenerated  tract  has  become  less  in  amount  and  has 
approached  quite  close  to  the  circumference,  leaving  only  a  narrow  band  of  healthy 
fibres  in  the  position  of  the  direct  cerebellar  tract,  and  does  not  extend  as  far  forward, 
although  the  apex  of  the  triangle  still  touches  the  surface.  There  are  a  greater 
number  of  healthy  fibres  to  be  seen  between  the  grey  matter  and  the  degeneration 
than  in  the  cervical  or  upper  dorsal  regions. 

In  the  luuihar  region  the  degeneration  is  very  much  less  marked  than  higher  in  the 
cord,  and  occupies  the  angle  formed  by  the  posterior  root  exit  and  the  circumference. 
In  cases  where  the  lesion  in  the  brain  had  been  extensive  the  degeneration  could  be 
traced  as  far  as  the  fifth  lumbar  nerve.  I  have  not  carried  sections  below  this  point. 

Summary  of  Degenerations  following  Lesions  of  the  Gy'RUS  Fornioatus. 

The  brains  and  spinal  cords  of  six  Monkeys,  in  which  a  part  or  the  wdiole  of  the 
gyrus  fornicatus  liad  been  removed,  were  examined. 

In  most  cases  the  gost-mortem  examination  showed  that  the  marginal  gyrus  had 
also  been  injured  to  a  variable  extent,  owing,  no  doubt,  to  the  difficulty  experienced 
in  exposing  and  excising  a  convolution  so  deeply  situated  as  the  gyrus  fornicatus 
without  interfering  wdth  the  adjacent  marginal  gyrus. 

In  two  instances  the  removal  of  the  grey  matter  of  the  gyrus  fornicatus  was  nearly 
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complete  (Nos.  10  and  11),  and  with  scarcely  any  injnry  to  the  marginal.  In  these, 
as  well  as  in  all  the  other  cases  recorded,  there  is  well  marked  and  extensive  degene¬ 
ration  in  the  crossed  pyramidal  tract. 

In  the  brains  of  Nos.  9  and  12  tliere  were  lesions  otlier  than  that  of  the  gyrus  forni- 
catus.  In  No.  9  a  considerable  lesion  in  the  hippocampal  and  under  surface  of  the 
occipital  regions  had  been  effected,  and  in  No.  12  lesions  of  both  temporal  lobes. 

But  the  degeneration  which  passes  down  into  the  spinal  cord  has  in  all  the 
instances  here  investigated  been  coiifined  to  one  tract — the  lateral  jjyramidal  tract — 
mainly  on  the  side  opposite  the  lesion,  and  appears  to  have  been  in  every  case 
produced  by  the  lesion  of  the  gyrus  marginadis  or  of  the  gyrus  fornicatus. The 
region  of  the  direct  cerebellar  tract  is  encroached  upon  in  some  instances  (Nos.  2,  6,  7, 
and  8),  but  the  extent,  and  twen  the  occurrence,  of  this  encroachment  has  not  appeared 
to  me  to  bear  any  constant  relation  to  the  amount  of  lesion  of  the  gjrus  fornicatus, 
occurring,  for  example,  in  a  case  where  there  was  little  injury  to  the  gyrus  fornicatus, 
and  not  occurring  in  other  cases  after  much  more  complete  removal,  although  the 
animals  lived  three  months  or  more.  I  conclude,  therefore,  that  the  apparent  invasion 
of  the  direct  cerebellar  tract  is  due  to  some  individual  variation  in  the  course  of  the 
fibres  of  the  crossed  pyramidal  tract,  and  not  to  any  degeneration  of  fibres  belonging 
to  the  direct  cerebellar  tract  itself  I  have  not  been  able  to  make  out  with  any 
certainty  in  my  specimens  the  course  of  the  degeneration  in  the  internal  capsule. 

In  the  mid-brain^  pons,  and  medidla  (fig.  4b)  the  degeneration  has  the  same  appeai- 
ances  as  that  following  marginal  lesions,  and  is  found  only  in  the  pyramidal  bundles 
on  the  same  side  as  the  lesion. 

In  the  spinal  coixl  the  degeneration  occupies  the  whole  seetioncd  area  of  the  lateral 
pyramidal  tract,  and  in  the  cervical  region  is  no  longer  confined  to  the  part  bor¬ 
dering  on  the  direct  cerebellar  tract,  as  was  observed  with  degenerations  following 
purely  marginal  lesions  (compare  fig.  5c  with  fig.  2d). 

In  the  upper  dorsal  region  the  extent  and  shape  of  the  lesion  is  similar  to  that  in 
the  cervical  region,  but  about  the  middle  of  the  dorsal  region  it  begins  to  diminish  in 
extent,  the  outer  and  ^anterior  part  of  the  pyramidal  tract  assuming  its  normal 
appearance  first. 

At  the  lumbar  enlargement  it  is  very  much  lessened  in  proportion,  but  is  still 
distinct,  being  confined  chiefly  to  the  angle  formed  by  the  posterior  root  exit  and 
circumference,  as  with  the  marginal  degeneration.  The  degeneration  can  usually  be 
traced  as  far  as  the  fifth  lumbar  nerve,  beyond  which  point  I  have  not  carried  sections. 

Although  following  the  course  of  the  pyramidal  tract  by  no  means  all  the  fibres  of 
that  tract  are  degenerated,  many  remaining  normal. 


*  I  have  ascertained  that  lesions  of  the  hippocampal  region  alone  are  not  followed  by  any  perceptible 
degenerative  changes  in  the  spinal  cord. 
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Record  of  Cases  Investigated,  showing  in  each  Case  the  Situation  and 
Extent  of  the  Cerebral  Lesion,  the  Symptoms  Observed  during  Life, 
AND  THE  Degenerations  which  were  found  to  have  Resulted  from  the 
Lesion. 

Case  1. — No.  11  of  First  Series.^’'  (Figs.  la  to  le,  Plates  27  and  28.) 

Le  sion. — Removal  of  a  longitudinal  strip  of  grey  matter  from  the  left  side  of  the 
brain,  along  the  margin  of  the  longitudinal  fissure  from  the  level  of  the  anterior  end  of 
tiie  prsecentral  nearly  to  the  parieto-occipital  fissure  (fig.  \a  in  surface  view,  fig.  lb  in 
section). 

Result. — Some  paralysis  of  both  right  iimbs,  which  gradually  became  less  evident  in 
the  arm;  the  leg  paresis  was  ^permanently  obvious.  This  Monkey  was  killed  one  year 
after  the  operation. 

Degenerations  0 hser ned. 

Pons. — There  is  a  difference  in  the  appearance  of  the  two  sides,  the  pyramidal 
bundles  on  the  left  side  being  stained  with  aniline  blue-black  more  darkly  than  on  the 
right,  and  appearing  smaller. 

Medulla. — Here  the  naked  eye  appearance  of  the  pyramid  of  the  left  side  is  difterent 
from  that  of  the  right,  being  smaller  and  more  deeply  stained. 

Microscopically,  the  left  pyramid  is  considerably  degenerated  and  sclerosed,  although 
there  are  a  great  many  healthy  fibres  scattered  about  in  it. 

Sjnnod  Cord.  Cervical  Enlargement. — Sections  here  show  degeneration,  with 
sclerosis,  in  the  crossed  pyramidal  tract  on  the  right  side  (see  fig.  Ic),  extending  from 
the  posterior  root  outwards  and  forwards  til]  it  reaches  the  circumference  at  about  the 
middle  of  the  lateral  surface.  The  degeneration  is  claw-shaped,  with  the  root  of  the 
claw  at  the  posterior  cornu,  the  convex  side  tosvards  the  direct  cerebellar  tract,  and 
the  tip  at  the  surface  of  the  cord. 

The  crossed  pyramidal  tract  is  not  entirely  degenerated,  that  part  only  ndnch  is 
adjacent  to  the  direct  cerebellar  tract  being  affected,  the  anterior  part  having  remained 
healthy.  There  is  some  degeneration  on  the  same  side  as  the  lesion  in  a  similar 
position  to  that  on  the  opposite  side. 

No  degeneration  can  be  seen  in  the  anterior  median  column  on  either  side  either 
in  this  case  or  in  any  other  which  has  been  examined  by  me. 

Dorsal  Region. — Here  the  degeneration  is  narrower  than  in  the  cervical  region, 

*  The  series  of  experiments  recorded  by  Horsley  and  Schafer  (loc.  cit.)  will  be  referred  to  as  the  First 
Series;  those  recorded  by  Sanger  Brown  and  Schafer  (he.  cit.)  as  the  Second  Series.  Further  illustra¬ 
tions  of  the  extent  and  depth  of  the  several  lesions  are  to  be  found  in  the  plates  accompanying  those 
papers. 


OF  THE  GYRUS  MARGINALIS  AND  GYRUS  FORNICATUS  IN  MONKEYS.  337 


and  is  nearer  the  circumference,  leaving,  however,  a  band  of  healthy  fibres  in  the 
position  of  the  direct  cerebellar  tract. 

Degenerated  fibres  and  slight  sclerosis  can  be  seen  with  the  microscope  on  the  same 
side  (left)  as  the  lesion  in  a  similar  position. 

Lumbar  Enlargement. — The  degeneration  here  is  less  in  amount.  It  occupies  the 
angle  between  the  posterior  root  and  the  circumference.  A  few  degenerated  fibres  can 
be  seen  in  a  similar  position  on  the  same  side  as  the  lesion. 


Case  2. — No.  12  of  First  Series.  (Figs.  2a  to  2d,  Plates  27  and  28.) 

Lesion. — Ablation  of  the  posterior  three-fourths  of  the  left  marginal  convolution  and 
an  adjoining  strip  of  the  external  surface  as  far  as  sulcus  x  (tig.  2a).  The  gyrus 
fornicatus  was  also  somewhat  injured. 

Result. — Paralysis  of  the  right  side  of  the  trunk  and  right  leg,  and  partial  paralysis 
of  the  right  arm,  which  had  imperfect  power  of  extension  from  the  shoulder. 

This  animal  was  killed  six  months  after  the  ojoeration. 

Degenerations  Observed. 

The  pieces  from  which  sections  were  cut  showed,  even  with  the  naked  eye,  well 
marked  degeneration  in  the  pyramidal  bundles  in  the  pons  and  medulla  on  the  same 
side  as  the  lesion,  and  in  the  spinal  cord  in  the  crossed  pyramidal  tracts  of  both  sides, 
although  much  more  obviously  on  the  side  opposite  the  lesion. 

Medulla. — There  is  well  marked,  scattered  degeneration  in  the  left  pyramid 
(fig.  2b),  with  considerable  shrinking  and  sclerosis. 

Sg)inal  Cord. — Cervical  Region. — There  is  a  marked  triangular  patch  of  degenera¬ 
tion  in  the  crossed  pyramidal  tract  on  the  right  side,  denser  where  it  borders  the 
direct  cerebellar  tract,  and  reaching  the  circumference  near  the  middle  of  the  lateral 
border,  where  it  spreads  both  backwards  and  forwards,  but  especiall}^  the  latter, 
involving  the  outer  part  of  the  direct  cerebellar  tract. 

In  a  section  at  the  level  of  the  second  cervical  nerves  (fig.  2c)  a  band  of  degeneration 
is  seen  close  to  the  circumference,  extending  from  the  posterior  root  exit  to  where  the 
pyramidal  tract  degeneration  reaches  the  circumference.  On  the  left  side  there  is  a 
small  amount  of  degeneration,  scattered  over  a  similar  area,  and  on  both  sides  there  is 
sclerosis  in  the  degenerated  areas. 

Dorsal  Region.—  Ax  the  level  of  the  fourth  nerves  (fig.  2d)  the  degeneration  is  very 
well  defined.  It  extends  from  the  apex  of  the  posterior  cornu  (light  side)  outwards 
and  forwards  as  a  diminishing  strip,  till  it  reaches  the  surface  about  the  anterior  end  of 
the  direct  cerebellar  tract.  I'here  is  also  a  little  deo-eneration  alono-  the  external  border 

O  O 

of  the  direct  cerebellar  tract,  which  spreads  along  the  circumference  less  than  in  the 
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cervical  region.  On  the  loft  side  there  is  some  degeneration  in  a  similar  position  to 
that  on  the  right  (see  fig.  2d). 

Eighth  Dorsal. — The  degeneration  here  (right  side)  has  much  the  same  position  as 
at  the  level  of  the  fourth  dorsal,  although  rather  less  in  amount :  that  is  to  say,  there 
are  more  normal  fibres  in  the  degenerated  patch.  The  patch  is  nearer  the  circum¬ 
ference  than  higher  up.  There  is  a  little  degenera, tion  to  be  seen  on  the  left  side,  having 
a  similar  position  to  that  on  the  right. 

Liimhar  Region. — The  degeneration  in  the  crossed  pyramidal  tract  on  the  right  side 
comes  cpfite  to  the  circumference,  and  extends  from  the  posterior  root  as  a  small  patch 
outwards  and  forwai’ds. 

A  few  degenera, ted  fibres  can  be  seen  in  a  similar  position  on  the  left  side. 


Case  3. —  No.  14  of  First  Series. 

Lesion. — Removal  of  the  left  gyrus  marginalis  for  rather  more  than  the  posterior 
two-thirds,  with  a  small  amount  of  injury  to  the  gyrus  fornicatus  (see  ‘  Phil.  Trans.,’ 
B,  1888,  Plate  2,  fig.  14). 

Result. — Paralysis  of  the  leg  and  trunk  muscles  on  the  right  side.  The  arm  was 
slightly  paralysed  at  first,  but  soon  recovered,  and  for  the  first  few  days  there  was 
some  loss  of  reaction  to  tactile  impres,sions. 

This  animal  died  three  and  a-half  weeks  after  the  operation. 

Degenercttions  Observed. 

Internal  Capside. — No  degeneration  can  be  made  out  with  sufficient  distinctness. 

Midhrain,  Pons,  and  Medulla. — Scattered  degeneration  is  to  be  seen  in  the 
pyramidal  bundles  of  the  left  side. 

Spinal  Cord.  Cervical  Region. — Scattered  degeneration  can  be  seen  in  the  crossed 
pjramidal  tract  on  the  right  side,  bordering  the  direct  cerebellar  tract  and  gradually 
approaching  the  circumference.  The  greatest  amount  of  degeneration  is  towards  the 
poster! oi'  cornu  ;  if  becomes  less  as  it  passes  forwards  and  outwards. 

The  degeneration  has  a  similar  position  to  that  seen  in  No.  2,  although  it  is  less 
distinct  and  smaller  in  amount. 

A  few  degenerated  fibres  can  be  made  out  with  a  higher  power  (Zeiss,  E)  in  a 
similar  position  on  the  left  side. 

Dorsal  Region. — Degenerated  fibres  can  be  seen  in  a  similar  position  to  those  in 
the  cervical  region,  except  that  they  are,  on  the  whole,  nearer  the  circumference. 

A  few  degenerated  fibres  can  be  seen  on  the  left  side  as  far  as  the  lower  dorsal 
region. 

O 

Lumbar  Enlargement. — Degeneration  is  still  to  be  seen  here,  on  the  right  side,  in 
the  angle  between  the  posterior  root  and  the  circumference. 
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Case  4. — No.  19  of  First  Series. 

Lesion. — Excision  of  both  marginal  convolutions  :  on  the  left  side  for  the  posterior 
three-fourths  of  its  length,  on  the  right  side  to  a  rather  less  extent. 

Frontal  sections  through  the  brain  show  that  that  part  of  the  gyrus  bordering  the 
calloso-marginal  fissure,  and  clipping  down  into  it,  was  but  little  injured  ;  the  upper 
border  also  was  but  little  injured  (see  ‘Phil.  Trans.,’  B,  1888,  Plate  2,  figs.  19R 
and  19l). 

Result. — Almost  complete  paralysis  of  the  leg  and  trunk  muscles,  but  there  is  some 
ability  to  move,  especially  to  flex,  the  legs,  particularly  the  left  leg. 

This  animal  died  on  the  ninth  day  after  the  operation. 

Degenerations  Observed. 

No  degeneration  could  be  seen  with  the  naked  eye. 

Microscopic.  Pons. — A  few  degenerated  fibres  are  to  be  seen  in  the  pyramidal 
bundles  of  both  sides. 

Medulla. — Scattered  degeneration  can  be  seen  in  the  pyramids  on  both  sides,  more 
distinctly  than  in  the  pons. 

Spined  Cord.  Cervical  Enlargement. — Degenerated  fibres  can  be  seen  on  both 
sides  scattered  about  the  crossed  pyramidal  tracts,  chiefly  occupying  the  part  which 
borders  on  the  direct  cerebellar  tract,  and  extending  outwards  and  forwards  from  the 
apex  of  the  posterior  cornu. 

Dorsed  Region. — The  patch  of  degeneration  is  more  concentrated,  although  smaller 
in  extent.  In  the  lower  dorsal  region  especially  it  lies  closer  to  the  circumference  of 
the  cord.  It  is  more  marked  on  the  right  than  on  the  left  side. 

Lumbar  Region. — In  the  lumbar  region  the  degeneration  can  stiU  be  seen  on  both 
sides,  occupying  the  angles  between  the  posterior  root  and  the  circumference. 

The  degeneration  consists  of  swollen  fibres  with  axis  cylinders  in  various  stages  of 
breaking  down. 

Case  5.— Ah),  'll  of  First  Series. 

Lesion. — Pemoval  of  the  posterior  three-fourths  of  both  marginal  gyri  at  one 
operation.  Frontal  sections  through  the  brain  show  that  the  removal  was  complete 
except  along  the  calloso-marginal  fissure  (see  ‘Phil.  Trans.,’  B,  1888,  Plate  3,  figs.  21a 
to  21d). 

Result. — Paralysis  of  the  trunk  and  legs. 

This  animal  died  on  the  twenty-seventh  day  after  the  operation. 

Degenerations  Observed. 

There  was  a  slightly  marked  appearance  of  degeneration  to  be  seen  with  the  naked 
eye  in  both  crossed  pyramidal  tracts  all  down  the  cord. 

2x2 
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Microscopic.  Pons. — Scattered  degeneration  can  be  seen  in  the  pyramidal  bundles 
of  both  sides. 

Medulla. — Scattered  degeneration  can  he  seen  in  both  anterior  pyramids. 

Spincd  Cord.  Cerviccd  Region. — The  degeneration  occupies  that  part  of  the 
crossed  pyramidal  tracts  which  borders  on  the  direct  cerebellar  tract,  and  extends 
from  the  posterior  cornua  towards  the  circumference  on  both  sides.  It  is  not  very 
well  marked,  but  occupies  a  similar  position  to  that  of  all  the  other  marginal  cases. 

Dorsal  Region. — In  the  dorsal  region  it  is  relatively  less  in  amount,  closer  to  the 
circumference,  and  does  not  extend  as  far  forwards. 

Lumbar  Enlargement. — It  is  much  less  in  amount  here,  and  lies  in  the  angles 
formed  by  the  posterior  cornua  and  the  circumference  of  the  cord. 

Case  6. — No.  PI  of  First  Series. 

Lesion. — Kemoval  of  both  marginal  convolutions  at  two  operations. 

Fronted  sections  through  the  brain  show  that  the  convolutions  were  completely 
removed,  except  a  small  strip  of  grey  matter  at  the  deepest  part  of  the  calloso- 
marginal  fissure  on  the  left  side.  The  adjoining  external  surface  was  also  injured. 

Residt. — The  first  operation  on  the  left  side  produced  the  usual  paralysis  of  the 
opposite  hind  limb  and  of  the  trunk.  The  second  operation  (right  side)  produced 
])aralysis  of  the  trunk  and  legs  of  the  opposite  side,  except  that  the  knee  and  hip  can 
be  feebly  flexed. 

The  animal  died  three  months  after  the  first  operation. 

Degenerations  Observed. 

Very  well  marked  degeneration  is  visible  to  the  naked  eye  on  both  sides  in  the 
crossed  pyramidal  tracts. 

J^ons  and  Medulla. — Under  the  microscope  sections  show  .scattered  degeneration  in 
the  pyramidal  bundles  and  pyramids. 

Spinal  Cord.  Cervical  Enlargement.  —  There  is  degeneration  on  both  sides, 
extending  over  a  large  portion  of  the  crossed  pyramidal  tracts,  and  involving  part  ot 
the  region  of  the  direct  cerebellar  tracts. 

The  degeneration  in  the  crossed  pyramidal  tracts  is  like  that  observed  in  the  spinal 
cords  of  the  other  animals  after  similar  lesions,  although  more  extensive  than  in  most 
cases.  The  region  of  the  direct  cerebellar  tract*  is  also  greatly  involved  on  both 
sides.  A  small  triangular  patch  of  healthy  fibres  represents  this  tract,  close  to 
the  posterior  root  exit. 

Dorsal  Region. — The  degeneration  is  well  marked  and  rather  more  defined  than  in 
the  cervical  region.  The  parts  in  the  direct  cerebellar  tracts  noticed  to  be  free  from 
degeneration  in  the  cervical  region  are  still  seen,  and  appear  rather  larger. 


'*  Probably  the  porUon  of  the  pyramiLlal  tract  which  encroaches  on  the  cerebellar  tract. 


OF  THE  GYRUS  MARGIHALIS  AND  GYRUS  FORNIOATUS  IN  MONKEYS.  341 


Here  the  sclerosis  has  the  shape  and  position  characteristic  of  degeneration  following 
marginal  lesions,  being  claw  or  wedge  shaped,  with  tire  base  towards  the  posterior 
cornu,  and  the  apex  extending  forwards  and  outwards  until  it  reaches  the  circum¬ 
ference  about  the  middle  of  the  lateral  column,  whej’e  it  sj)reads  out,  and  joins 
posteriorly  the  degeneration  which  occupies  the  superficial  part  of  the  direct  cere¬ 
bellar  tract  region.  The  degeneration  is  relatively  less  in  amount  than  in  the  cervical 
n'gion. 

Lumbar  Enlargement.  —The  degeneration  is  small  in  amount,  and  lies  on  each  side 
close  to  the  circumference  of  the  sections,  in  the  angle  formed  by  the  posterior  root. 

Case  7. — No.  36  of  First  Series. 

Lesion. — Removal  of  a  considerable  part  of  the  left  gyrus  fornicatus.  The  marginal 
convolution  was  found  to  be  injured  in  the  greater  part  of  its  extent  (‘  Phil.  Trans.,’ 
B,  1888,  Plate  6,  fig.  36). 

Result. — The  whole  of  the  right  side  of  the  body,  as  far  as  the  iliac  crest,  was  almost 
completely  insensible  to  touch,  prick  of  a  pin,  and  to  a  jet  of  cold  water  suddenly 
applied.  There  was  loss  of  sensibility  over  the  right  arm.  The  right  leg,  although 
not  anmsthetic,  was  far  less  sensitive  than  the  left.  The  arm,  leg,  and  trunk  are 
paresed,  althongh  they  are  still  used.  There  was  incomplete  recovery  from  the  paresis. 

The  animal  died  seven  weeks  after  the  operation. 

Degenerations  Observed. 

Midbram  amd  Pons. — Extensive  scattered  degeneration  can  be  seen  in  the  pyramidal 
bundles  of  the  left  side. 

Medulla. — The  degeneration  in  the  pyramids  is  very  extensive  on  the  left  side,  more 
so  than  in  simple  marginal  lesions. 

Spinal  Cord.  Cervical  Enlargement. — On  the  right  side  there  is  extensive  scattered 
degeneration  in  the  crossed  pyramidal  tract,  involving  the  greater  part  of  the  area 
occupied  by  this  tract.  _  The  degeneration  forms  a  broad  triangular  patch,  extending 
from  the  posterior  cornu  outwards  and  forwards,  reaching  the  circumference  a  little 
behind  the  middle  of  the  lateral  surface  (corresponding  with  the  area  of  the  crossed 
pyramidal  tract). 

From  the  postero-lateral  groove  there  extends,  close  to  the  circumference,  a  narrow 
band  of  degeneration  in  the  outer  part  of  the  direct  cerebellar  tract  region,  which 
joins,  as  it  passes  forwards,  the  anterior  and  external  end  of  the  degeneration  in  the 
crossed  p_yramidal  tract ;  so  that  this  latter  degeneration  and  that  extending  along 
the  circumference  enclose  between  them  a  band  of  healthy  fibres  of  the  direct  cere¬ 
bellar  tract. 

There  are  a  few  degenerated  fibres  to  be  seen  in  a  similar  position  on  the  opposite 
side  of  the  cord  (left). 
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Dorsal  Regio'ti.-^TliQ  degeneration  here  is  more  triangular  than  in  cases  of  simple 
marginal  lesion,  and  more  extensive.  It  does  not  reach  cj^uite  so  far  forward  as  in  the 
cervical  region,  but  is  nearer  the  circumference  of  the  cord  ;  so  that  in  this  part  (middle 
dorsal)  there  is  only  a  narrow  and  irregular  band  of  healthy  fibres  left  in  the  position 
of  the  direct  cerebellar  tract.  The  degeneration  seen  in  the  cervical  region,  extending 
along  the  circumference  of  the  cord,  here  disappears. 

Lumbar  Enlargement. — The  degeneration  is  confined  to  the  angle  formed  by  the 
posterior  cornu  and  the  circumference ;  it  is  much  smaller  than  in  the  dorsal  region, 
but  more  extensive  than  with  simple  marginal  lesions. 


Case  8. — No.  37  of  First  Sei'ies.  (Figs.  3(X,  Plate  27,  and  36,  Plate  28.  See  also 
‘Phil,  Trans.,’  B,  1888,  Plate  6,  figs.  37b  to  37e.) 

Lesion  1. — The  anterior  part  of  the  left  gyrus  fornicatus  was  removed. 

Result.  —  The  external  ear  of  the  opposite  side  gave  no  reaction  to  tactile  impressions 
producing  pain  elsewhere  ;  it  could  not  be  determined  whether  any  other  parts  were 
completely  insensible. 

Lesion  2. — A  week  after  the  fii’st  operation,  the  greater  part  of  the  remainder  of  the 
convolution  was  cut  away  (see  fig.  3a). 

Frontal  sections  through  the  marginal  convolution  and  gyrus  fornicatus  show  that 
that  part  of  the  gyrus  fornicatus  which  borders  on  the  corpus  callosum  has  remained 
almost  uninjured,  whilst,  on  the  other  hand,  that  part  of  the  marginal  convolution 
which  borders  on  the  calloso-marglnal  fissure  is  injured  in  two  places  (anteriorly  and 
posteriorly). 

Result. — Great  diminution  of  sensibility  over  the  right  side  ;  tactile  impressions 
produced  no  reaction  ;  painful  impressions  were  slowly  perceived,  and  not  localised. 
Tins  “  allochiria”  began  to  be  exhibited  about  a  week  after  the  second  operation  ;  it 
alterwards  disappeared.  No  paresis  was  observed. 

The  animal  was  killed  three  months  after  the  first  operation. 

Degenerations  Observed. 

Degeneration  is  distinctly  seen  with  the  naked  eye  in  the  pons  and  medulla 
(pyramid)  on  the  left  side,  and  in  the  spinal  cord,  as  far  as  the  lower  lumbar  region  in 
the  crossed  pyramidal  tract,  on  the  right  side,  involving  also  the  direct  cerebellar  tract 
on  the  same  side  to  a  considerable  extent. 

Midbixiin  and  Rons. — In  the  pyramidal  bundles  of  the  left  side  scattered  degenera¬ 
tion  is  visible  with  the  microscope  ;  it  is  not  so  great  in  amount  as  in  the  pons  of 
No.  6,  but,  on  the  other  hand,  the  cerebral  lesion  in  this  case  is  not  so  extensive. 

Medidla. —  Scattered  degeneration  is  distinctly  to  be  seen  in  the  left  pyramid. 
There  is  well-marked  sclerosis,  besides  degenerated  nerve  fibres. 

Spitial  Cord.  Cervical  Region. — There  is  degeneration  in  the  crossed  pyramidal 
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tract  on  the  right  side,  similar  in  shape  and  position  to  that  seen  after  lesions  of  the 
motor  areas,  being  triangular  in  shape,  with  a  broad  base  towards  the  posterior  cornu, 
but  becoming  narrower  as  it  extends  forwards  and  outwards  till  it  reaches  the  circum¬ 
ference,  about  the  middle  of  the  lateral  surface.  Here  it  spreads  out  a  little, 
joining  a  tract  of  degeneration  which  passes  forwards  in  the  direct  cerebellar  tract; 
close  to  the  circumference,  from  near  the  posterior  root.  There  is  a  band  of  healthy 
fibres  belonging  to  the  cerebellar  tract,  between  the  degeneration  at  the  surface  of  tlie 
direct  cerebellar  tract  and  that  in  the  main  part  of  the  crossed  pyramidal  tract. 

Dorsal  Region  (fig.  36). — The  degeneration  comes  nearer  to  the  circumference, 
leaving  a  narrower  hand  of  healthy  fibres  in  the  position  of  the  direct  cerebellar  tract. 
It  extends  over  the  whole  area  of  the  pyramidal  tract. 

Lumhar  Enlargement. — The  degeneration  is  considerably  less  on  the  right  side,  arid 
on  the  left  there  is  none  to  be  seen.  It  extends  fi’om  near  the  posterior  root  exit  a 
short  distance  forwards  close  to  the  circumference,  and  lies  chiefly  in  the  angle  formed 
by  the  posterior  cornu  and  the  circumference,  although  it  does  not  come  quite  close 
to  the  posterior  cornu. 

Fourth  Lumhar  Nerve. — A  small  amount  of  degeneration  can  still  be  seen  on  the 
right  side,  in  a  similar  position  to  that  noted  above,  but  not  quite  so  near  the  root 
exit. 

Case  9, — No.  39  q/  First  Series. 

Lesion  1. — Incomplete  removal  of  the  gyrus  fornicatus  and  considerable  injury  to 
the  middle  of  the  marginal  convolution  (see  ‘Phil.  Trans.,’  B,  1888,  Plate  7,  fig.  39). 

Lesion  2, — Removal  of  that  jDart  of  the  limbic  lobe  which  bends  round  the  splenium 
of  the  corpus  callosum. 

Lesion  3. — A  fortnight  later  the  posterior  part  of  the  hippocampal  convolution  was 
scooped  away. 

Result. — Ansesthesia,  and  distinct  muscular  paresis  of  both  right  limbs. 

Tliis  animal  was  killed  about  five  months  after  the  first  operation. 

Degenerations  Observed. 

Degeneration  could  be  seen  with  the  naked  eye  in  the  pyramidal  bundles  in  the 
midbiain,  pons,  and  medulla.  After  hardening,  these  parts  look  paler  and  smaller 
than  those  of  the  opposite  side. 

In  the  spinal  cord  a  patch  of  degeneration  is  to  be  seen  occupying  the  crossed 
pyramidal  tract  as  far  down  as  the  third  lumbar  nerve. 

Microscopically,  degeneration  can  be  seen,  scattered  in  the  pyramidal  bundles  of  the 
midhrain  and'  pons  of  the  left  side. 

The  medulla  oblongata  shows  considerable  degeneration  and  sclerosis  (apparently 
more  than  in  the  jaons)  in  the  left  pyramid. 

Spinal  Cord.  Cervical  Region. — There  is  a  patch  of  degeneration  in  the  crossed 
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pyramidal  tract  on  the  right  side,  triangular  in  shape,  extending  from  the  cornu 
outwards  and  forwards  till  it  reaches  the  surface  near  the  middle  of  the  lateral  border. 
The  degeneration  is  most  marked  in  that  part  which  borders  the  direct  cerebellar 
tract  ;  there  are  many  degenerated  fibres  and  considerable  sclerosis.  The  direct 
cerebellar  tiuct  is  encroached  upon  at  its  anterior  end  by  the  crossed  jDyramidal  tract 
degeneration,  which  spreads  out,  backwards  and  forwards,  a  little  way  along  the 
circumference  of  the  cord. 

Dorsal  Region  (fourth  dorsal  nerve). — The  lateral  tract  degeneration  comes  nearer 
the  circumference  of  the  cord,  and  is  altogether  situated  more  posteriorly  than  in  the 
cervical  reo;ion. 

The  degeneration  does  not  invade  the  direct  cerebellar  tract  in  this  region. 

On  the  opposite  side  there  are  a  few  degenerated  fibres  and  some  sclerosis  in  a 
corresponding  area. 

Eighth  Dorsal  Nerve. — The  degeneration  here  is  less  in  amount  than  at  the  fourth 
dorsal ;  it  occupies  a  similar  position,  except  that  it  comes  altogether  to  the  surface. 

Tjumhar  Enlargement. — The  degeneration  here  is  small  in  amount  and  lies  in  tire 
angle  formed  by  the  circumference  of  the  cord  and  the  tip  of  the  posterior  cornu. 
Dee’eneradion  can  still  be  seen  on  the  other  side. 

Case  10. — No.  40  of  First  Series.  (figs.  4a,  Plate  27,  46  and  4c,  Plate  28.  See 
also  ‘Phil.  Trans.,’  B,  1888,  Plate  7,  fig.  40b.) 

Lesion. — Bemoval  of  the  right  gyrus  fornicatus,  with  injury  to  the  marginal  gyrus 
(fig.  4a,  Plate  27). 

Frontal  sections  through  the  brain  show  that  the  gyrus  fornicatus  was  completely 
removed,  and  that  the  lower  border  of  the  marginal,  especially  at  the  front,  was 
much  undermined,  and  thus  partly  cut  oft'  from  the  corona  radiata.  There  were  also 
one  or  twm  small  patches  of  softening  on  the  exteimal  surface. 

Result. — There  was,  at  first,  some  paresis  of  the  limbs  and  of  the  facial  muscles  on 
the  left  side. 

For  ten  days  there  was  entire  loss  of  reaction  to  tactile  and  painful  impressions  on 
the  left  side.  There  w'as  gradual,  but  only  partial,  recovery  of  sensation. 

The  animal  died  ten  weeks  after  the  operation. 

Degenerations  Observed. 

Degeneration  and  shrinking  could  be  seen  wfith  the  naked  eye  in  the  pyramidal 
bundles  of  the  pons  and  medulla  on  the  right  side,  and  in  the  crossed  pyramidal  tract 
on  the  left  side,  down  the  whole  length  of  the  cord. 

Pons. — Microscopically  there  is  distinct  scattered  degeneration  in  the  j^yramidal 
bundles  of  the  |)ons. 

Medulla. — The  right  pyramid  shows  extensive  degeneration  and  sclerosis  (fig.  46). 
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Sinned  Cord.  Cervical  Enlavejement. — There  is  a  well  defined  patch  of  degeneration 
involving  the  whole  crossed  pyramidal  tract  on  the  left  side,  triangular  in  shape,  with 
the  base  towards  the  posterior  cornu  and  the  apex  at  the  middle  of  the  lateral  surface 
of  the  cord.  The  apex  spreads  out  along  the  circumference  posteriorly,  and  encroaches 
for  a  short  distance  upon  the  cerebellar  tract.  The  degeneration  extends  far  forwards, 
as  in  most  of  the  other  similar  lesions ;  the  mesial  part  of  the  degeneration  (the  part 
towards  the  grey  matter)  is  less  concentrated  than  the  part  bordering  the  direct 
cerebellar  tract.  There  is  a  little  sclerosis. 

On  the  right  side  (side  of  the  lesion)  there  is  a  small  amount  of  degeneration  and 
sclerosis,  scattered  over  a  similar  area. 

Dor, sal  Region  (fig.  4c). — The  degeneration  occupies  the  whole  area  of  the  crossed 
pyramidal  tract,  and  appears  even  to  extend  in  advance  of  that  tract. 

It  is  more  concentrated  than  higher  up,  as  is  the  case  in  all  dorsal  sections.  In  the 
lower  dorsal  region  the  degeneration  has  much  the  same  appearance,  except  that  it  is 
altogether  nearer  the  circumference  of  the  cord,  and  does  not  extend  as  far  forwards. 

There  is  a  very  small  amount  of  degeneration  in  a  similar  position  on  the  opposite 
side. 

Lumhar  Enlargement. degeneration  here  is  irregularly  oblong  in  shape,  and 
extends  from  the  postero-lateral  groove  along  the  circumference  for  about  one-fourth 
the  distance  from  that  groove  to  the  anterior  median  fissure. 

It  does  not  touch  the  posterior  cornu,  except  near  the  root  exit. 

No  degeneration  can  be  seen  on  the  right  side  (side  of  the  lesion). 

Case  11.- — No.  42  of  Eirst  Series.  (Figs.  6a,  66,  and  6c.) 

Lesion  1. — Removal  of  the  anterior  two-thu’ds  of  the  left  gyrus  fornicatus  (see 
fig.  6a,  Plate  27).  Frontal  sections  through  the  brain  show  that  only  that  part  of 
the  gyrus  fornicatus  which  is  seen  on  the  mesial  aspect  was  completely  removed, 
those  portions  of  the  gyrus  which  lie  next  the  corpus  callosum  and  at  the  bottom 
of  the  calloso-marginal  fissure  having  remained  practically  intact."'" 

Result. — Great  diminution  of  sensibility  over  the  right  side  of  the  body,  which 
gradually,  but  Only  partially,  passed  off.  Some  muscular  paresis  on  the  right  side, 
especially  of  the  leg. 

Lesion  2. — Eleven  weeks  after  the  operation,  the  right  gyrus  was  exposed  and 
injured  by  scratching  with  a  needle.  The  permanent  injury  caused  by  the  needle  wa 
so  slight  as  hardly  to  be  perceptible.  No  result  was  observed  during  life. 

The  animal  was  killed  thirteen  weeks  after  the  first  operation. 


*  It  is  especially  to  be  noted  that  in  this  case  there  was  no  perceptible  injury  of  any  region,  excitation 
of  which  has  been  proved  to  produce  muscular  movements. 
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Degen  erations  Ohs^rvecl. 

Degeneration  could  be  seen  with  the  naked  eye  in  the  crossed  pyramidal  tracts  on 
the  right  side,  in  the  whole  length  of  the  spinal  cord. 

Internal  Capsule. — There  are  many  degenerated  fibres  to  be  seen  with  the  micro¬ 
scope,  in  a  horizontal  section,  scattered  about  posterior  to  the  knee. 

(The  midbrain,  pons,  a,nd  medulla  of  this  brain  were  lost.) 

Sjnnal  Cord.  Cervical  Enlargement  (fig.  66,  Plate  29). — Scattered  degeneration,  with 
considerable  sclerosis,  can  be  seen  in  the  crossed  pyramidal  tract  on  the  right  side, 
having  a  shape  like  that  seen  in  the  other  cases  recorded  ;  it  is  triangular,  with  the 
base  at  the  posterior  cornu,  and  extends  outwai’ds  and  forwards,  becoming  narrower 
till  it  reaches  the  surface,  wliere  it  tends  to  spread  out. 

On  tlie  left  side  there  is  a  little  sclerosis,  scattered  over  a  similar  area.  There  are 
also  some  recently  degenerated  fibres  in  the  same  area,  the  result,  no  doubt,  of  the 
needle  operation  on  the  right  gyrus  fornicatus. 

Dorsal  Region. — At  the  level  of  the  fourth  dorsal  nerve  (fig.  6c)  the  degeneration 
on  the  right  side  does  not  extend  as  far  forward  as  in  the  cervical  region,  but  it  covers 
a  relatively  greater  area. 

On  the  left  side  there  is  also  some  degeneration,  but  the  difference  on  the  two  sides 
is  very  marked. 

At  the  level  of  the  eighth  dorsal  nerve  the  degeneration  is  less  in  amount  on  both 
sides ;  it  lies  close  to  the  surface  of  the  cord,  and  does  not  extend  as  far  forwards  as 
at  the  level  of  the  fourth  dorsal. 

Lumbar  Region. — The  degeneration  in  the  crossed  pyramidal  tract  is  close  to  the 
surface,  and  lies  in  the  angle  formed  by  the  posterior  cornu  and  circumference  of  the 
cord.  It  is  much  less  in  amount  on  the  right  side  than  in  the  dorsal  region,  and  on 
the  left  can  hardly  be  seen. 

Ca.se  12.'"  (Figs.  5a,  56,  and  5c.) 

Lesion. — Removal  of  the  right  gyrus  fornicatus  (fig.  5a,  Plate  27),  with  some  injury 
to  the  marginal  convolution. 

Residt. — Ansesthesia  over  the  whole  left  side  of  the  body,  partial  in  some  places, 
complete  in  others.  The  left  forearm  retained  its  sensibility  ;  the  rest  of  the  arm,  the 
trunk,  and  the  leg  had  very  little,  if  any,  sensibility.  This  condition  continued  for 
seven  weeks,  with  slight  and  gradual  improvement.  The  leg  was  slightly  paresed. 

At  subsequent  operations  the  greater  part  of  the  temporal  lobe  was  removed  on  the 
right  side,  and  the  superior  temporal  gyrus  on  the  left  (see  Sanger  Brown  and 
Schafer,  ‘Phil.  Trans.,’  B,  1888,  p.  312,  Monkey,  No.  VIL). 

The  animal  was  killed  more  than  eight  months  after  the  first  operation. 

*  This  case  of  lesion  of  the  gyrus  fornicatus  is  mentioned  in  a  paper  by  Professor  Schafer  (“  On 
Sensory  Localisations  in  the  Cerebral  Cortex”)  in  ‘  Brain,’  April,  1888. 
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Post  mortem,  it  w.iis  found  that  the  middle  part  of  the  gyrus  foniicatus  was 
destroyed,  and  that  the  corresponding  part  of  tlie  marginal  convolution  was  somewhat 
injured  and  depressed  (fig.  5a),  Besides  the  lesion  of  the  temporal  lobes  above 
mentioned,  the  surface  of  the  brain  just  above  and  in  front  of  the  Sylvian  fissure  was 
also  found  to  be  slightly  injured. 


Degenerations  Observed. 

In  the  midbrain,  pons,  and  medulla  the  slu'inking  of  the  pyramidal  bundles  on  the 
right  side,  as  compared  with  those  of  the  left,  is  very  distinctly  visible  to  the  naked 
eye.  They  are  also  more  deeply  stained  with  aniline  blue-black  on  the  right  than  on 
the  left  side. 

Microscopically,  a  number  of  degenerated  fibres  can  be  seen  on  the  right  side.  In 
the  medulla  there  is  also  some  sclerosis. 

Spinal  Cord. — Level  of  second  cervical  nerve.  Degeneration  could  be  seen,  even  with 
the  naked  eye,  in  the  lateral  pyramidal  tract  on  the  left  side  (fig.  56).  There  is  a 
little  degeneration  in  the  pyramidal  tract  on  the  same  side  as  the  lesion  (right), 
although  less  than  after  an  extensive  marginal  or  other  motor  lesion. 

Level  of  sixth  cervical  nerve. — The  degeneration  has  much  the  same  appearance 
here  as  at  the  second  cervical,  except  that  it  is  rather  better  defined. 

Level  of  fifth  dorsal  nerve. — The  patch  of  degeoeration  is  smaller  than  in  the  cervical 
region,  but  denser ;  it  lies  somewhat  closer  to  the  surface,  especially  nearer  the 
posterior  root  exit  (fig.  5c). 

At  the  level  of  the  eighth  dorsal  the  patch  is  perceptibly  smaller  than  at  the  fifth. 

Lumbar  Region. — At  the  level  of  the  first  nerve  the  degeneration  is  less  extensive. 
It  lies  along  the  circumference  of  the  cord  near  the  apex  of  the  posterior  cornu. 

At  the  level  of  the  fifth  lumbar  the  dee’eneration  can  still  be  made  out  without 

o 

difficulty. 

That  the  degeneration  in  this  case  had  nothing  to  do  with  the  lesions  in  the  tem¬ 
poral  lobes  has  been  ascertained  by  carefully  investigating  other  cords  in  which  there 
were  lesions  in  those  lobes  only. 


Methods  Employed  in  Preparing  the  Tissues  for  Microscopic  Exainination. 

The  brain  and  spinal  cord  of  each  animal,  immediately  after  removal  from  the  body, 
were  placed  in  Muller’s  fluid,  or  bichromate  of  potash  (2  per  cent,  solution),  and 
hardened  in  this  for  not  less  than  a  month,  the  fluid  being  repeatedly  changed.  After 
hardening,  they  were  first  rinsed  with  water,  or  placed  directly  into  methylated  spirit 
without  washing,  and  allowed  to  remain  in  this  until  cut  up. 

For  staining  by  Weigert’s  or  Pal’s  method,  I  have  obtained  better  results  if  the 
brain  has  not  been  allowed  to  remain  in  spirit  for  more  than  a  week,  although  the 
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length  of  time  it  Jias  been  kept  in  spirit  does  not  seem  to  affect  the  staining  with 
carmine  or  aniline  blue-black. 

For  cutting  sections  the  freezing  method  has  chiefly  been  used.  I  have  employed 
the  celloidin  method  for  particular  jjurposes,  but  the  wrinkling  which  occrms  on  passing 
large  sections  through  xylol  has  been  found  a  drawback  to  the  use  of  this  method. 

The  following  have  been  used  for  staining  the  sections,  viz.,  aniline  blue-black,* 
lithium-carmine,  Weigert’s  and  Pal’s  processes.  Aniline  blue-black  has  given,  on 
the  whole,  the  best  results  in  my  hands,  for  I  have  been  able  to  detect  early 
degeneration  better  than  by  either  Weigert’s  or  Pal’s  methods,  and  sclerosis  equally 
well.  It  is  also  better  for  photographic  purposes  than  any  of  the  others,  except  Pal’s. 

I  have  found  it  better  to  stain  individual  sections  than  to  stain  in  bulk,  and,  if 
the  sections  are  passed  through  acidulated  water  after  staining  with  aniline  blue-black, 
the  colour  and  differentiation  are  improved. 

Lithium-carminet  has  given  good  results  when  used  to  stain  in  bulk,  the  piece  being 
kept  in  the  solution  for  not  less  than  a  month.  An  objection  to  this  stain  is  that 
it  is  trying  to  the  eyesight  to  examine  a  long  series  of  sections. 


*  Aniline  blue-black 
Methylated  alcohol 
Distilled  water  . 


2  grm.  t  Lithium  carbonate  (sat.  sol.)  100  c.c. 

60  c.c.  Carmine  .......  5  grm. 

40  c.c. 
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Appendix. 

Received  April  22, — Read  May  16,  1889. 

On  the  Degenerations  tvhich  follow  the  Removal  of  the  External  Motor  Cortex,  and  of 
the  tvhole  Motor  Cortex  of  One  Hemisphere  in  Monhegs  as  compared  with  those 
which  follow  Lesions  of  the  Ggrus  Marginalis  alone. 

Since  sending  in  the  foregoing  paper  I  have  investigated  the  following  cases  : — 

A. — Three  of  removal  of  the  external  motor  surface  of  the  brain  in  which  the  animals 
lived  for  a  considerable  time  (from  two  to  four  months)  after  the  operation.* 
Tiie  lesions  were  so  muchlalike,  and  the  resulting  degenerations  are  so  similar, 
that  it  would  be  superfluous  to  describe  each  case  separately. 

Sections  were  cut  through  the  brain  obliquely  dovv^nwards  and  forwards 
perpendicular  to  the  fibres  of  the  crusta,  and  transverse  sections  of  the  pons, 
medulla,  and  of  the  three  regions  of  the  spinal  cord  were  made. 

Degenerations  Observed. 

In  the  internal  capside  the  degeneration  is  well-marked  and  constant,  occupying 
the  side  next  the  lenticular  nucleus.  The  inner  side  next  the  thalamus  is  almost 
entirely  normal.  The  degeneration  is  greatest  in  amount  about  the  angle,  extending 
over  the  middle  third. 

Crusta. — The  degeneration  occupies  the  middle  third  and  is  clearly  defined,  the 
dorsal  part  being  less  completely  degenerated  than  the  ventral. 

Pons. — The  degeneration  extends  over  the  whole  pyramidal  bundles  of  the  same 
side,  almost  all  the  fibres  being  degenerated. 

Medulla. — The  whole  pyramid  on  the  same  side  is  degenerated,  except  a  narrow 
portion  towards  the  posterior  and  mesial  border,  which  is  less  degenerated  than  the 
rest  of  the  tract. 

Spinal  cord. — In  the  upper  cervical  region  the  whole  extent  of  the  crossed 
pyramidal  tract  is  degenerated,  that  part  bordering  the  direct  cerebellar  tract  less 
completely  than  the  rest.  The  degeneration  extends  along  the  circumference,  back¬ 
wards  towards  the  posterior  root  exit,  as  a  gradually  narrowing  band  enclosing  the 
direct  cerebellar  tract,  which  has  an  elongated  wedge  shape. 

In  the  dorsal  region  the  degenerated  tract  is  entirely  separated  from  the  emeum- 
ference  by  the  direct  cerebellar  tract.  It  can  be  followed  down  the  cord  as  far  as 
the  lower  lumbar  region  where  it  is  seen  as  a  few  degenerated  fibres  close  to  the 
circumference  and  a  little  external  to  the  posterior  root  exit. 

*  For  an  account  of  the  symptoms  observed  during  life  see  “  A  Record  of  Experiments  upon  the 
Functions  of  the  Cerebral  Cortex,”  Cases  4,  5,  and  8,  by  Professors  Schafer  and  Horsley,  ‘  Phil. 
Trans.,’  B,  Yol.  179  (1888),  pp.  1-45. 
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B. — Four  cases  of  removal  of  the  entire  motor  surface  from  one  hemisphere  in 
monkeys. 

The  symptoms  observed  during  life,  and  the  degeneration  found  after  death 
were  almost  exactly  alike  in  all  these  cases ;  but  in  the  two  which  only  lived 
one  week  the  degeneration  was  not  so  easy  to  follow  out  as  in  the  other  two. 

These  animals  lived  for  periods  varying  from  one  week  to  five  months  after 
the  operation."^ 

Degene i xt  tions  Ohse rved. 

In  the  internal  capsule  the  degeneration  is  similar  to  that  following  lesions  of  the 
external  motor  cortex,  but  in  addition  to  this,  the  inner  side  of  the  capsule  is 
degenerated. 

In  the  crusta  and  pons  but  little  difierence  can  be  made  out,  the  degeneration  in 
the  pyramidal  tract  being,  perhaps,  somewhat  more  complete. 

In  the  medulla  the  pyramid  of  the  same  side  is  entirely  degenerated. 

In  the  spinal  cord  the  whole  crossed  pyramidal  tract  is  degenerated,  the  part 
bordering  on  the  direct  cerebellar  tract  as  completely  as  the  rest.  The  degeneration 
gradually  diminishes  as  it  descends,  but  can  still  be  seen  at  the  level  of  the  3rd  and 
4th  lumbar  nerves. 


Summary  of  Results  obtained  by  the  Study  of  Degeneration  following  Lesions  of  the 

Motor  Cortical  Area. 


Bemoval  of  the  grey  matter  of  the  motor  area  of  the  brain,  exclusive  of  the 
marginal  gyrus,  produces  degeneration  which  becomes  collected  in  the  internal 
capsule,  and  t lienee  downwards  follows  a  regular  and  definite  course  as  has  already 
been  abundantly  shown  by  previous  observers. 


-OiagTam  1, 


Hoi'izonfcal  section  through  one  hemisphere  showing  the  position  of  degeneration  in  the  internal  capsule 
following  removal  of  the  external  motor  surface  (exclusive  of  gyrus  marginalis). 


In  the  internal  capsule,  as  seen  in  a  horizontal  section,  it  occupies  the  middle  third 
extending  farther  behind  the  knee  than  in  front  (diagr.  1),  but  quite  distinct  for  a  short 
distance  in  front  of  the  knee.  The  deo;eneration  does  not  involve  the  whole  breadth 
of  the  internal  capsule,  but  leaves  the  inner  border  almost  entirely  free. 

*  For  an  account  of  the  symptoms  observed  during  life  and  the  exact  extent  of  cerebral  surface 
removed,  see  “  A  Reco-rd  of  Experiments  upon  the  F unctions  of  the  Cerebral  Cortex,”  Zee.  cit.,  Cases  15, 
IG,  17,  and  IS, 
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The  part  of  the  capsule  along  the  inner  border  is  occupied  by  tlie  fibi’es  from  the 
gyrus  marginalis  (diagr.  2),  as  is  proved  by  the  fact  that  when  the  entire  motor 
area  (including  the  gyrus  marginalis)  is  removed,  the  whole  width  of  the  internal 
capsule  is  degenerated  (diagr.  3),  although  the  inner  border  never  appears  so 
completely  degenerated  as  the  outer. 


Diagram  2. 


Horizontal  section  through  one  hemisphere  showing  the  position  of  degeneration  following 

removal  of  the  gyrus  marginalis. 

Diagram  3. 


Frontal  section  through  brain,  showing  diagrammatically  the  coui’se,  through  internal  capsule,  taken  by 
degeneration  following  lesions  in  both  the  outer  and  mesial  motor  surface.* 


Diagram  4. 


'  Diagrammatic  representation  of  the  degeneration  in  the  crusta. 

In  the  crusta,  the  degeneration  occupies  the  middle  third  (diagr.  4),  and  little 
difierence  in  appearance  can  be  seen  between  that  following  an  exteriicd  motor 
(exclusive  of  gyrus  marginalis),  and  that  following  a  complete  motor  lesion  ;  except 
that  after  removal  of  the  external  motor  area  only,  the  degeneration  is  not  so  great 
along  the  dorsal  as  along  the  ventral  border  of  the  crusta. 

In  the  medulla  the  whole  area  of  the  pyramid  is  degenerated  in  those  cases  where 

*  The  course  of  the  fibres  from  the  mesial  surface  is  represented  by  darker  shading  than  that  of  those 

from  the  external  motor  surface. 
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the  whole  motor  area  was  removed  ;  whilst  in  those  where  only  the  external  motor 
area  was  involved  a  part  along  the  posterior  mesial  border  appears  less  completely 
degenerated  than  the  rest  (diagrams  5  and  6). 

Diagram  5.  Diagram  6. 


Degeneration  in  the  pyramid  of  the  medulla  following  Degeneration  following  lesions  of  the 

lesions  of  the  external  motor  area.  entire  motor  area. 

In  the  spinal  cord  the  degeneration  occupies  the  whole  extent  of  the  crossed 
pyramidal  tract  in  those  cases  where  the  whole  motor  area  was  removed ;  but  where 
only  the  external  motor  area  was  involved,  that  part  of  the  pyramidal  tract  bordejing  on 
the  direct  cerebellar  tract  is  less  degenerated,  though  never  quite  free  from  degeneration. 

This  fits  in  with  what  I  have  said  of  t,he  degeneration  following  marginal  lesions, 
which  chiefly  occupies  the  part  bordering  on  the  direct  cerebellar  tract. 

In  the  cervical  region,  the  degeneration  besides  occupying  a  position  corresponding 
to  that  seen  in  the  dorsal  region,  also  extends  as  a  narrow  band  along  the  circumfer¬ 
ence  towards  the  posterior  root  exit  (diagr.  7),  but  there  is  always  a  well-marked 
tract  of  healthy  fibres  (direct  cerebellai'  tract)  close  to  the  posterior  root  exit,  extending 
into  and  separating  the  degeneration  in  the  crossed  pyramidal  tract  proper  from  the 
band  extending  along  the  circumference. 

Diagram  7. 


The  deg£'nei  ation  as  seen  in  the  upper  cervical  region  showing  the  direct  cerebellar  tract 
enclosed  by  degenerated  crossed  pyramidal  tract. 

Diagram  8. 


Showing  the  degeneration  at  the  level  of  the  sixth  dorsal  nerve. 

In  the  dorsal  (diagr.  8)  and  lumbar  regions  no  constant  difterence  in  shape  and 
position  can  be  made  out  between  the  degeneration  following  removal  of  the  external 
motor  surface,  and  removal  of  the  entire  motor  area. 

It  gradually  diminishes  as  it  descends,  but  can  be  seen  in  the  lumbar  region  (at  the 
level  of  the  3rd  or  4th  nerve)  as  an  oval  patch  close  to  the  circumference  and  near  the 
pfosterior  root  exit. 

I  have  never  in  any  case  in  the  Monkey  observed  degeneiation  in  the  anterior 
columns  of  the  spinal  cord,  and  conclude,  therefore,  that  in  these  animals  the 
pyramidal  decussation  in  the  medulla  oblongata  is  compdete. 
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Description  of  Plates  27-29. 

Case  1  (Figs,  la  to  le). 

Fig.  la  (Plate  27).'''  View  of  the  brain  showing  the  extent  of  the  lesion. 

Fig.  lb  (Plate  28).  Transverse  vertical  section  through  the  brain  showing  the  depth 
of  the  lesion. 

Fig.  Ic  (Plate  28).  Transverse  section  of  the  spinal  cord  in  the  cervical  region. 

Fig.  Id  (Plate  28).  Transverse  section  of  the  spinal  cord  in  the  middle  dorsal  region. 
Fig.  le  (Plate  28).  Transverse  section  of  the  spinal  cord  at  the  lumbar  enlargement. 

Case  2  (Figs.  2a  to  2c/). 

Fig.  2a  (Plate  27).'“  View  of  the  brain  showing  lesion. 

Fig.  26  (Plate  28).  Transverse  section  of  the  medulla. 

Fig.  2c  (Plate  28).  Transverse  section  of  the  cord  at  the  level  of  the  second  cervical 
nerve. 

Fig.  2d  (Plate  28).  Transverse  section  at  the  level  of  the  fourth  dorsal  nerve. 

Case  8  (Figs.  3a  and  36). 

Fig.  3a  (Plate  27).'’'"  View  of  the  left  side  of  the  brain  showing  the  lesion  in  the  gyrus 
fornicatus. 

Fig.  36  (Plate  28).  Transverse  section  of  the  spinal  cord  in  the  cervical  region. 

Case  10  (Figs,  4c6  to  4c). 

Fig.  4a  (Plate  27).'“  View  of  the  right  side  of  the  brain  showing  the  lesion  in 
the  gyrus  fornicatus. 

Fig.  46  (Plate  28).  Transverse  section  of  the  upper  part  of  the  medulla. 

Fig.  4c  (Plate  28).  Section  of  the  dorsal  cord. 

Case  12  (Figs,  ba  to  5c). 

Fig.  ba  (Plate  27).  View  of  the  left  side  of  the  brain  showing  the  lesion  in  the  gyrus 
fornicatus. 

Fig.  56  (Plate  29).  Transverse  section  of  the  spinal  cord  in  the  cervical  region. 

Fig.  5c  (Plate  29).  Transverse  section  from  the  middle  dorsal  region  of  the  cord. 

*  Figiu’es  marked  witk  an  astei’isk  are  taken  from  the  paper  by  Horsley  and  Schafer.  The  others 
are  from  photographs. 

2  z 


MDCCCLXXXIX. - B. 


354 


MR.  E.  P.  FRANCE  ON  DEGENERATIONS  IN  MONKEYS. 


,  Case  1 1  (Figs.  6a,  66,  6c). 

Fig.  6a  (Plate  27).  View  of  mesial  surface  of  left  hemisphere  showing  lesion  in  gyrus 
fornicatus. 

Fig.  66  (Plate  29).  Cervical  cord  showing  degeneration  in  right  pyramidal  tract. 

Fig.  6c  (Plate  29).  Dorsal  cord. 


Fig.  7  (Plate  29).  Transverse  section  from  the  upper  dorsal  region  of  the  spinal  cord 
of  a  Monkey,  in  which  nearly  the  whole  of  the  motor  cortex  of  one  side 
of  the  brain  was  removed  some  months  previously. 

Figs.  8,  9,  and  10  (Plate  29).  Photographs  of  spinal  cord  degeneration  under  a  high 
power. 

Fig.  8.  One  month  after  production  of  lesion  in  brain.  At  the  upper  and 
right  hand  part  of  the  figure  are  seen  normal  fibres  belonging  to  the 
direct  cerebellar  tract. 

Fig.  9.  Three  months  after  production  of  lesion  in  brain.  At  the  lower  and 
right  hand  part  of  the  figure  are  seen  normal  fibres  belonging  to  an 
adjacent  tract. 

Fig.  1 0.  Six  months  after  production  of  lesion  in  brain. 
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OBSERVATIONS  OF  THE  INTERNATIONAL  POLAR  EXPEDITIONS. 

1882-1883. 

FORT  RAE. 

With  32  Lithographic  Folding  Plates. 

A  reduction  of  price  to  Fellows  of  the  Royal  Society, 


THE  PHILOSOPHICAL  TRANSACTIONS  OF  THE  ROYAL  SOCIETY 


£ 

s. 

d. 

£ 

s. 

d. 

£ 

s. 

d. 

! 

£ 

s. 

d. 

1801.  Part 

I... 

0  17 

0 

1835.  Part 

11... 

0 

14 

0 

1854.  Part 

11... 

0 

16 

0 

:  1873.  Part 

I. .. 

2 

10 

0 

-  Part 

11... 

0  17 

6 

1836.  Part 

I... 

1 

10 

0 

1855.  Part 

1... 

0 

16 

0 

' -  Part 

11... 

1 

5 

0 

1802.  Part 

I... 

0  11 

0 

-  Part 

II... 

2 

0 

0 

-  Part 

II... 

1 

6 

0 

1874.  Part 

1... 

2 

8 

0 

-  Part 

II... 

0  17 

6 

1837.  Part 

1... 

1 

8 

0 

1856.  Part 

1... 

2 

0 

0 

-  Part 

11... 

3 

0 

0 

1803.  Part 

II... 

0  13 

6 

-  Part 

II... 

1 

8 

0 

-  Part 

11... 

1 

4 

0 

1875.  Part 

I... 

3 

0 

0 

1804.  Part 

I... 

0 

10 

6 

1838.  Part 

1... 

0 

13 

0 

Part  III... 

1 

4 

0 

-  Part 

II.  . 

3 

0 

0 

-  Part 

11... 

0 

12 

6 

-  Part 

II... 

1 

8 

0 

1857.  Part 

1... 

1 

8 

0 

1876.  Part 

1... 

2 

8 

0 

1805.  Part 

I... 

0 

10 

0 

1839.  Part 

1... 

0 

18 

0 

-  Part 

11... 

1 

4 

0 

-  Part 

11... 

2 

8 

0 

-  Part 

11... 

0 

11 

6 

-  Part 

11... 

1 

1 

6 

-  Part  III.  .. 

1 

2 

0 

1877.  Part 

I. .. 

1 

16 

0 

1806.  Part 

1... 

0 

13 

6 

1840.  Part 

1... 

0 

18 

0 

1858.  Part 

1.  .. 

1 

8 

0 

-  Part 

11... 

2 

5 

0 

-  Part 

II... 

0  17 

6 

-  Part 

11... 

2 

5 

0 

-  Part 

11... 

3 

0 

0 

Vol.  168  (extra) 

3 

0 

0 

1807.  Part 

I... 

0 

10 

0 

1841.  Part 

1... 

0 

10 

0 

1859.  Part 

1... 

2 

10 

0 

1878.  Part 

1... 

1 

16 

0 

-  Part 

11... 

0 

15 

6 

-  Part 

11... 

1 

10 

0 

-  Part 

11... 

2 

5 

0 

-  Part 

11... 

3 

0 

0 

1812.  Part 

1... 

0 

17 

6 

1842.  Part 

I... 

0 

16 

0 

1860.  Part 

I... 

0 

16 

0 

1879.  Part 

I... 

2 

0 

0 

-  Part 

II... 

0 

17 

6 

-  Part 

11... 

1 

2 

0 

-  Part 

II... 

2 

1 

6 

-  Part 

II... 

1 

12 

0 

1813.  Part 

I... 

0 

14 

0 

1843.  Part 

I... 

0 

10 

0 

1861.  Part 

I... 

1 

3 

0 

1880.  Part 

I... 

2 

5 

0 

-  Part 

II... 

0 

18 

0 

-  Part 

11... 

1 

10 

0 

-  Part 

11... 

1 

5 

0 

-  Part 

II... 

2 

0 

0 

1824.  Part 

I... 

0 

12 

6 

1844.  Part 

I... 

0 

10 

0 

-  Part  III. . . 

1 

7 

6 

Part  III... 

1 

1 

0 

-  Part 

11... 

1 

0 

0 

-  Part 

11... 

1 

10 

0 

1862.  Part 

I... 

2 

14 

0 

1881.  Part 

1... 

2 

10 

0 

-  Partin... 

1 

4 

0 

1845.  Part 

1... 

0 

16 

0 

-  Part 

II... 

3 

0 

0 

■ -  Part 

11... 

1 

10 

0 

1825.  Part 

1... 

1 

4 

0 

-  Part 

■11. . . 

1 

0 

0 ! 

1863.  Part 

I... 

1 

14 

0 

i -  Part  III. . . 

2 

2 

0 

1826.  Part 

I... 

1 

2 

6 

1846.  Part 

I... 

0 

7 

6 

-  Part 

11... 

1 

7 

6 

1882.  Part 

I... 

1 

14 

0 

-  Part 

11... 

0 

12 

6 

-  Part 

11. . . 

1 

12 

0 

1864.  Part 

I  * 

0 

11 

0 

-  Part 

11... 

2 

0 

0 

Part  III... 

2 

0 

0 

Part  III. . . 

1 

12 

0  : 

-  Part 

11... 

1 

7 

6 

Partlll. .. 

2 

10 

0 

-  Part  IV. . . 

1 

2 

6 

Part  IV. . . 

1 

12 

0 

Part  III. .. 

1 

10 

0 

Part  IV. . . 

1 

0 

0 

1827.  Part 

II... 

0 

18 

0 

1847.  Part 

I... 

0 

14 

0 

1865.  Part 

T. .. 

2 

2 

0 

1883.  Part 

I... 

1 

10 

0 

1828.  Part 

1.  .. 

1 

1 

0 

-  Part 

11... 

0 

16 

0 

-  Part 

11... 

1 

5 

0 

-  Part 

11... 

2 

10 

0 

-  Part 

11... 

0  10 

0 

1848.  Part 

1... 

1 

0 

0 

1866.  Part 

1... 

1 

14 

0 

Part  III. . . 

1 

12 

0 

1829.  Part 

I... 

0 

16 

0 

-  Part 

11... 

0 

14 

0 

-  Part 

II... 

2 

7 

6 

1884.  Part 

I... 

1 

8 

0 

-  Part 

11... 

0 

14 

0 

1849.  Part 

1... 

1 

0 

0 

1867.  Part 

I... 

1 

3 

0 

-  Part 

11... 

1 

16 

0 

1830.  Part 

I... 

1 

10 

0 

-  Part 

II... 

2 

5 

0 

-  Part 

II... 

1 

15 

0 

1885.  Part 

I... 

2 

10 

0 

-  Part 

II... 

1 

1 

0 

1850.  Part 

1... 

1 

10 

0 

1868.  Part 

I... 

2 

5 

0 

-  Part 

11... 

2 

5 

0 

1831.  Part 

I... 

1 

10 

0 

-  Part 

11... 

3 

5 

0 

-  Part 

11 

2 

0 

0 

1886.  Part 

I... 

1 

8 

0 

-  Part 

II... 

1 

12 

0 

1851.  Part 

I... 

2 

10 

0 

1869.  Part 

1... 

2 

10 

0 

-  Part 

11... 

1 

15 

0 

1832.  Part 

1... 

1 

1 

0 

-  Part 

11... 

2 

10 

0 

-  Part 

II... 

3 

3 

0 

1887.  (A.) 

1 

3 

0 

-  Part 

11... 

2 

0 

0 

1852.  Part 

1... 

1 

0 

0 

1870.  Part 

I... 

1 

10 

0 

-  (B) 

•  •  .  • 

1 

16 

0 

1833.  Part 

I... 

1 

1 

0 

-  Part 

II... 

2 

5 

0 

-  Part 

II... 

1 

18 

0 

1888.  (A.) 

•  •  •  • 

1 

10 

0 

-  Part 

11... 

2 

18 

0 

1853.  Part 

I... 

0 

18 

0 

1871.  Part 

1... 

1 

10 

0 

-  (B.) 

.  •  •  • 

2 

17 

6 

1834.  Part 

I... 

0  17 

0 

-  Part 

11... 

0 

12 

0 

-  Part 

11... 

2 

5 

0 

1889.  (A.) 

1 

18 

0 

-  Part 

11... 

2 

2 

0 

Part  III. . . 

1 

2 

0 

1872.  Part 

I... 

1 

12 

0 

-  (B.) 

•  •  •  • 

1 

14 

0 

1835.  Part 

I... 

1 

2 

0 

1854.  Part 

1... 

0 

12 

0 

-  Part 

II... 

2 

8 

0 

*  This  part  is  not  sold  separately. 

Wlien  the  Stock  on  hand  exceeds  One  Hundred  Copies,  the  volumes  preceding  the  last  Five 
Years  may  he  purchased  by  Fellows  at  One-Third  of  the  Price  above  stated. 


SOLD  BY  HAEKISON  AND  SONS,  ST.  MAETIN’S  LANE, 
AND  ALL  BOOKSELLEES. 
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